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ABSTRACT
As m ost polypeptides, poly(Y-alkyl-a,L-glutamates) exhibit th e  ability 
to exist in well defined chain  conform ations of ex tensive  order su ch  a s  the  
a-helix. This helical conform ation im parts a  rod-like ch a rac te r to the  
polym er which is m aintained in th e  melt and  in certain  so lven ts a t particular 
concentrations.
This d isserta tion  reports the  syn thesis  and  characterization  of poly(y- 
alkyl-a.L-glutam ates), in particular, of poly(y-stearyl-a,L-glutam ate) (PSLG), 
poly(y-benzyl-a,L-glutam ate) (PBLG), an d  poly(y-stearyl-a,L-glutam ate)-co- 
poly(y-benzyl-a,L-glutam ate). Polym erization s tud ies of PSLG with primary, 
tertiary, an d  silylated am ines a s  initiators; and  PBLG with coinitiators a re  
described . T he  labeling of PSLG with a  fluorescein  dye  is a lso  explained. 
All the  polym ers w ere obtained  from the  corresponding  N -carboxyanhydride 
m onom ers. Special focus w as given to nearly m onod ispersed  sam p les  of 
PSLG. Polyd isperse  sam ples of PSLG w ere fractionated  using a  
tetrahydrofuran-m ethanol system  to  obtain fractions with polydispersities of
1.1 to  1.7. T he nearly  m onod ispersed  PSLG sam p les  w ere  charac te rized  
by ’H-NMR, gel perm eation chrom atography, sta tic  light scattering, and  
intrinsic viscosity stud ies.
xiv
Form ation of lyotropic liquid crystalline p h a se s  of the  nearly 
m onod ispersed  sam ples of PSLG in tetrahydrofuran w ere  s tud ied  by optical 
m icroscopy. T he isotropic and  cho lesteric  liquid crystalline p h a se s  a re  
d e tec ted  using c ro ss  polarizers. T he b iphasic  region is m anifested  by the  
p re sen c e  of spherulites. T he p h a se  boundaries for PSLG of different 
m olecular w eights w ere determ ined.
T he reactivity of trimethylsilyl iodide with e s te r  g roups w as  u sed  for 
th e  modification of the  side  chains of PBLG. T he trimethylsilyl e s te r  form ed 
reac ts  with isocyanate  groups under neutral conditions a t room tem peratu re  
to form am ides. Form ation of crosslinks betw een  polym er ch a in s  using 1,6- 
d iisocyanatohexane p roduces isotropic g e ls  m ade of rigid rods. T he 
gelation p ro c e ss  can  be  followed by dynam ic light scattering. T he form ation 
of anisotropic, highly o rdered  ge ls  (crosslinking of the  polym er in th e  liquid 
crystalline p h ase ) is accom plished by applying an  electric field while the  
gelation occurs.
xv
CHAPTER 1 
LITERATURE REVIEW
1
21.1 HIGH MODULUS POLYMERS
S ince the  mid 1800s, w hen th e  first modifications of natural polym ers 
w ere a ttem pted  and  w ere  followed la ter by th e  first synthetic  polym ers 
ob tained  a t the  beginning of the  20th  century, sc ien tists  have  b een  
constantly  search ing  for new  m aterials. O ne of the  driving fo rces tha t h a s  
propelled th e se  efforts is to  mimic th e  physical properties of 
m acrom olecules found in nature, like rubber, wood, cotton an d  silk am ong 
others. In addition to this, m any v en tu res have  b een  directed  tow ard new  
m aterials tha t com bine properties of different natural re so u rce s  su ch  a s  
m etals, ceram ics, g lass , etc. Exam ples of th e se  abound  in today’s  life, 
som e exam ples a re  plastic  films th a t a re  c lear (like g lass) and  a t the  sam e  
time, sh o ck  resistan t, o r a  strong (like a  m etal) and  a lso  light w eight 
com posites. The majority of the  synthetic  polym ers commonly u se d  a re  
replacing, in som e way, o ther natural m aterials tha t w ere  u sed  in th e  past.
In th e  majority of the  c a se s , th e se  h av e  not b een  just substitu tions but they  
have  com e with im provem ent in perform ance or co sts  (or both) over the 
m aterials they  have  rep laced .
After d e c a d e s  of developm ent of industrial p ro c e sse s  to produce the  
incredible array  of polym ers that a re  now available, enorm ous efforts have  
b een  fo cused  on  the  sea rc h  for ev en  higher perform ance m aterials. O ne of 
the  a re a s  of re sea rch  tha t h a s  received  in c reased  attention during the last 
y ears  is th e  developm ent of m aterials with high perform ance properties.
3For applications that require extrem ely good m echanical p roperties an d  are , 
a t th e  sam e  time, light weight, a  w hole c la s s  of polym ers h av e  b een  
developed. T h e se  polym ers a re  frequently  called  high m odulus polym ers, 
and  p o s s e s s  a  com m on characteristic, rigidity, e ither in their b ackbone  or in 
the  pen d an t side  chain. Exam ples of this c la ss  of polym ers include: 
arom atic polyam ides an d  e s te rs , poly(benzobisoxazoles), po lypeptides and  
carbohydrates.
Thus, high m odulus polym ers find their m ost im portant applications in 
a re a s  tha t require a  m aterial with very high specifications but in which the  
cost is not critical. Som e of the  a re a s  w here th e se  products h ave  found to 
b e  especially  attractive a re  the  a e ro sp a c e  industry, high quality spo rts  
equipm ent, ballistic protection devices, an d  reinforcem ent for tires, ro p es  
and  cab les. N ewer u se s  of th e se  polym ers a re  env isioned  in electronics, 
telecom m unication, and  applications in hostile environm ents1.
Even though som e of th e se  new  polym ers h av e  b een  known for m ore 
than  a  d ecad e , only few of them  a re  b een  exploited com m ercially today. 
Som e exam ples are: the  aram id fibers, Kevlar (DuPont) an d  A renka (Akso), 
therm otropic copolyesters, V ectra (C e lan ese) and  W ydar (Dart) an d  high 
m odulus polyethylene fibers, S pec tra  900  (Allied)1. This is b e c a u se  the  
high perform ance qualities of th e se  polym ers com e with a  draw back, i.e., 
with th e  exception of th e  therm otropic copolyesters, th e se  high perform ance 
polym ers can n o t be  p ro cessed  by commonly utilized techn iques. M any of
4th e se  polym ers a re  availab le only a s  fibers an d  h e n ce  m ust b e  u sed  in 
com posite  form to p roduce com plex th ree-d im ensional parts. B ecau se  of 
the  intrinsic characteristics of th e se  polym ers, traditional p rocessing  
tech n iques u sed  for normal polym ers canno t b e  applied, therefore, new  
p ro c e sse s  have  to be  d iscovered . H ence, a  m astering  of their synthetic 
p ro c e sse s  an d  a  be tte r understand ing  of their behavior in solution an d  in 
the  melt is clearly a  necessity .
Although th e  unique properties of th e se  polym ers a re  b a se d  on their 
high anisotropy, for th is sam e  reason , the  high m odulus is ach ieved  only in 
the  direction of the  m olecular chain  orientation. P roperties perpendicu lar to 
the  m olecular axis a re  usually an  o rder of m agnitude o r m ore lower than  the  
va lues parallel to the  m ain chain1. However, new  stu d ies  of m olecular 
a rch itec tu re  involving the  stacking of m onolayers of th e se  polym ers in 
different orientations a re  part of the  solution to the  problem.
1.2 Poly(y-alkyl-a,L-glutamates)
In a n  attem pt to sim ulate natural m acrom olecules with very specific 
physical properties an d  possib ly  striking biological effects, during th e  last 
d e ca d e s , efforts have  b een  d irected  toward the  sy n th esis  and  physical 
s tud ies  of polypeptides, polynucleic ac id s  an d  sim ple po lysaccharides.
This investigation fo cu ses  on the  study of polypeptides. Like proteins, 
syn thetic  polypeptides can  a ssu m e  different conform ations, such  a s  a-helix, 
p -sh ee t or random  coil. Naturally occurring proteins can, on  th e  o ther hand,
5not only adop t th e se  conform ations, but any  com bination of them . T h e se  
conform ation dom ains d ep en d  on  th e  am ino acid  se q u e n c e  and  external 
conditions like so lvent and  tem perature. This is th e  b a s is  for the  high 
specificity of m ost proteins in enzym atic reactions, but for the  sam e  reason , 
it m akes them  very com plex sy stem s to study. A sim pler model for proteins 
a re  sh o rte r polypeptides. And hom opeptides (only o n e  am ino acid  
com ponent) a re  still a n  e a s ie r  m odel to study, but nevertheless, with plenty 
of fascinating properties.
Polypeptides a re  unique am ong synthetic polym eric m aterials. A 
re a so n  for their very singular characteristics and  properties is the  high 
density  of inter an d  intram olecular hydrogen bonds form ed in th e  backbone 
by th e  am ide functions. T h e se  hydrogen bonds allow polypeptides to 
a ssu m e  secondary  and  tertiary structu res tha t d ep en d  on the  am ino ac id s  
involved. And similarly to proteins, they  can  adopt different conform ations, 
Of specia l in terest is the  form ation of the  a-helix  which is allowed in certain  
so lven ts (helicogenic so lvents) an d  under certain  conditions (such  a s  
tem peratu re, pH, e tc .)2.
Poly(y-alkyl-a,L-gIutam ates), PALGs, a re  polypeptides com posed  of 
a  single m onom er unit derived from an  e s te r  of a.L -glutam ic acid. PALGs 
have b een  sub jects of num erous s tud ies for th e  last 40  years. O ne  of the  
re a so n s  for such  a  specia l attention is that glutam ic acid  is the  m ost
6inexpensive optically active a-am ino  acid available, its u s e  a s  sodium  L- 
g lu tam ate in th e  food industry g u a ra n te e s  this. And a lthough  PALGs a re  
still fa r from being com m ercially exploited they  a re  unique am ong synthetic  
polym ers b e c a u se  of their ability to  exist in well defined  conform ations of 
ex tensive  o rder such  a s  th e  a -helix  an d  to retain  it in solution. M oreover, 
th is o rdered  conform ation can  undergo  a  transition into a  random  coil, 
making th e se  m acrom olecules very versatile. A nother re a so n  for their 
popularity am ong re sea rc h e rs  is their good solubility in severa l com m on 
solvents.
Most poly(y-alkyl-a,L-glutam ates) adop t th e  a-helical conform ation in 
a  variety of so lven ts and  in the  melt. T he solubility an d  therm al 
characteristics of this c la ss  of polym ers a re  d ic ta ted  by th e  n a tu re  of the  
e s te r  group. T he p en d an t chain  can  give th e  polym er very distinct 
properties. W atan ab e  e t al3 h a s  reported  tha t th e  structure  in the  solid s ta te  
for PALGs with small s ide  chains, with le ss  th an  10 carb o n s in the  alkyl 
e s te r  group, is an  hexagonal lattice, in which the  s ide  chain s a re  in a  g lassy  
s ta te  an d  surround  e ac h  helix backbone symmetrically. W hen  th e  s id e  
ch a in s  a re  longer (Cio or more), th e  s id e  chain s form a  crystalline p h a se  
com posed  of paraffin-like crystallites. This crystallization fo rces th e  a -  
he lices to pack  into th e  a  layer structure, an d  the  crystallites a re  located  
betw een  the  layers. Figure 1.1 show s th e  s truc tu res  of th e  rep ea t units for
7som e of th e  m ost com m on PALGs: polyfr-m ethyl-a.L-glutam ate), PMLG, 
poly(y-benzyl-a, L-glutamate), PBLG, an d  poly(y-stearyl-a, L-glutam ate), 
PSLG.
In helicogenic so lven ts an d  in th e  melt, PALG’s  a-helical 
conform ation provides a  cylindrical rigid rod backbone  su rrounded  by the 
s id e  chains which extend  out radially. W hen  th e  p en d an t ch a in s  a re  long 
aliphatic m oieties, they a re  a lso  called fuzzy rods, hairy rods, o r bottle 
b rushes. Fig. 1.2 show s a  rep resen ta tion  for a  polym er like PSLG. The 
s id e  ch a in s  provide a  "solvent skin” th a t is responsib le  for the  solubility and  
tractability of th e  polymer.
ch2
(CH2)|7—CH3
R
Fig. 1.1: PMLG, PBLG and  PSLG
8Lateral View
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Fig. 1.2: Fuzzy rod
1.2.1 PoIy(Y-benzyl-a,L-glutamate)
PBLG w as first syn thesized  by C ourtaulds Ltd. in th e  early  1950s a s  
a  potential silk replacem ent. It h a s  b een  reported  tha t PBLG can  a ssu m e  
four possib le  conform ations: a-helix, ex tended  p-sheet, c ro ss  p -sh ee t or 
random  coil. T he conform ation d e p en d s  mainly in th e  s treng th  and  ordering 
of hydrogen bonds, an d  this ch an g es  with varying m olecular weight, the  
solvent used , and  the  chirality of the  m onom er units4. Due to  th e  nature  of 
the  benzyl s ide  chain, PBLG is soluble in m any organic so lven ts and  show s 
various conform ation an d  aggregation  structu res with varying polarity
gand /o r acidity of the  solutions. PBLG d isso lves with no ag g regation  an d  
ad o p ts  an  a-helica l conform ation in DMF an d  m -cresol, an d  a  random  coil 
conform ation in dichloroacetic acid an d  trifluoroacetic acid. It h a s  b e en  
reported  th a t a -h e lice s  of PBLG ag g reg a te  in an  anti-parallel an d  side-by- 
s id e  fash ion  in nonpolar so lven ts su ch  a s  benzene , benzyl alcohol an d  
dioxane; an d  head-to-tail in chloroform, 1,2-dichloroethane an d  THF. This 
aggregation  phenom enon  is m olecular weight dependen t, lower m olecular 
w eight polym ers ag g re g a te  m ore than  th e  larger m olecular w eight in 
chloroform solutions. And it is well known that high concen tra tion  solutions 
of PBLG in dichlorom ethane, chloroform, 1,2-dichloroethane and  DMF, form 
liquid crystalline p h a se s5.
1.2.2 Polymerization of NCAs
N -carboxyanhydrides (NCA) of am ino ac id s  (also  referred  to  a s  4 - 
substitu ted  oxazolidine-2,5-diones) a re  th e  m ost com m on m onom ers u sed  
to  p roduce  synthetic  hom opolypeptides. T he first report of a  polym erization 
of a n  NCA d a te s  to  1906 w hen Leuchs observed  the  evolution of CO 2 w hen 
w ater reac ted  with glycine N -carboxyanhydride to form glycine polypeptide1.
Although polym erization of a-am ino  acid NCAs h a s  b e en  u sed  for 
d e c a d e s  for th e  sy n thesis  of high m olecular w eight polypeptides, the  
m echanism  through which the  polym er is form ed canno t b e  controlled 
com pletely. T here  have  b een  num erous review articles on this sub ject2,6'10
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show ing th e  ex istence  of polym erization m echan ism s th a t a re  constantly  
com peting. O ne m echanism  is favored over an o th er d epend ing  on the  
polym erization conditions and  on the  natu re  of th e  initiator em ployed, 
how ever, independently  of th e  initiation characteristics, all the  m echanism s 
involve ring opening  polym erization11.
a-Am ino acid  NCAs p o s se s s  four reactive s ite s  (two electrophilic and  
two nucleophilic cen ters), a s  Fig. 1.3 show s. T he two electrophilic cen te rs  
a re  th e  carbam oyl group (C-2) and  th e  carbonyl group (C-5). T he two 
nucleophilic s ite s  a re  th e  NH and  the  a-C H  groups, which after 
depro tonation  yield highly nucleophilic am ide an ions an d  carban ions, 
respectively.
Fig. 1.3: N -carboxyanhydrides: methyl, benzyl and  stearyl g lu tam ates
o R: —  CH3
R
This multiple reactivity an d  their capability to polym erize m ake the 
polym erization m echan ism s very com plex and  difficult to  control. A nother 
re a so n  is th e  low solubility of m ost oligopeptides in o rgan ic  solvents. T he
11
precipitation of growing oligopeptides dim inishes th e  reactivity of th e  active 
end -g roups an d  c h an g e s  the  kinetic ra te  of the  polymerization, which 
usually  tran s la tes  into polydisperse  products12.
B esides heat, th e  polym erization reactions a re  m ost com m only 
initiated by protic nucleophiles o r by strong b a se s . Among the  protic 
nucleophiles th e  m ost com m only stud ied  a re  w ater, alcohols, and  prim ary 
an d  seco n d ary  am ines. T he reaction p ro ceed s through a  nucleophilic 
a ttack  to  th e  carbonyl group C-5 of th e  NCA ring forming a  carb am ate  end- 
group (stud ies with 14C -labeled NCAs show  that th e  evolved C 0 2 com es 
from th e  C-2 carbonyl exclusively), a s  show n in Fig. 1.4. If this is followed 
by decarboxylation, an  am ine end-group is produced. S ince this am ine 
end-group is a  stronger nucleophile than  water, a lcohols an d  arom atic 
am ines, this beco m es the  growing end  of the  polymer. In this c a se , the  
initiation s tep  is slow er than  the  propagation ra te  (this is called th e  am ine 
m echanism ). This accoun ts  for the  usually h igher d e g re e s  of 
polym erization (DP) than  m onom er:ratio u sed . Primary aliphatic am ines 
react fa s te r  than  the  end-groups producing a  m ore uniform m olecular w eight 
distribution. However, in sp ite  of the  living ch arac te r of the  polym erization, 
it d o e s  not produce narrow  m olecular weight distributions (MWD). Initiators 
that reac t in this m anner rem ain covalently a ttach ed  to  o n e  end  of th e  
polypeptide. O n the  o ther hand, if reaction conditions favor the  stability of 
the  carb am ate  end-group, such  a s  low tem peratu res, high C 0 2 p re s su re s
12
H R
n n  / H2N— R' O. NH . + ,R'Y
-A
-  COj
O R  O
NH .«
O ' NH'  Y *  ^
O R
polymer
U
YH’N-  ^ w K
H.
V .  RN-V
O ^ o  °  *
-  COj
NH.
H,N' NH'
H. R
-002
polymer
Fig. 1.4: Primary am ine (i) an d  ca rb am ate  (ii) m echan ism s
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an d  th e  p re sen c e  of m etal ions, th e  carbam ate  is the  nucleophile that 
a ttacks th e  next availab le m onom er. This m echanism  is known a s  the 
carb am ate  m echanism  a n d  is show n a lso  in Fig. 1.4.
W hen  secondary  am ines a re  used , the  initiation s tep  d e p en d s  upon 
the  com petition betw een  th e  nucleophilicity an d  the  basicity of the  am ine. 
This com petition is de term ined  by th e  natu re  and  s ize  of th e  substituen ts  in 
the  am ine. G ood nucleophiles (sm aller am ines) react ju st like the  primary 
am ines. O n th e  contrary, seco n d ary  am ines tha t a re  be tte r b a s e s  than  
nucleophiles (bulkier groups) reac t through a  com pletely different reaction 
m echanism , the  so  called  activated  m onom er m echanism . Som e secondary  
am ines can  reac t through both m echanism s producing a  bimodal MWD.
W hen  strong b a s e s  a re  used , the  initiation s tep  consists  of the  
abstraction  of th e  NH proton of an  NCA m onom er by the  strong b a se  to 
produce an  NCA anion. This NCA anion  is th e  nucleophile tha t attacks the  
next availab le NCA to form a  dim er with an  N-acyl NCA on o n e  end  and  a  
ca rb am ate  group on the  o ther (Fig. 1.5). Chain growth can  occur through 
any  end, via a  ca rb am ate  m echanism  or via an  activated  m onom er 
m echanism . In th e  latter c a se , there  is a  proton transfer from an o th er NCA 
m onom er to  the  dim er to p roduce an o th er NCA anion which a ttacks the  N- 
acyl NCA since  it is m ore electrophilic than  an  u n reac ted  m onom er. In this 
m echanism  th ere  is no incorporation of the  b asic  initiator to th e  polymer 
chain. This polym erization m echanism  yields h igher m olecular weight
H R 
N— ^
oA 0 A 0
■ o. NH.
4  
I -  CQz
R
N _ (  
0 ^ 0  °
polymer
Fig. 1.5: Activated m onom er m echanism
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polypeptides th an  the  o th er initiators but with b ro ad er MWD. This 
phenom enon  is explained  by th e  occu rrence  of coupling reactions of the  
growing chains. T he reaction time is normally m uch sh o rte r than  in o ther 
m echanism s.
It h a s  b e en  o b serv ed  tha t w hen aprotic so lven ts (such  a s  THF or 
d ioxane) a re  u sed , th e  polym erization reaction exhibits an  in c rease  in the 
ra te  o n ce  d o d ecam er chain s a re  form ed8. This au toaccelera tion  is 
attributed to  a n  in c rease  in th e  reactivity of th e  active chain  en d  w hen the 
growing chain  ad o p ts  the  a-helical conformation.
1.2.3 Applications and Potentials of PALGs
M ost of the  applications and  prospective re sea rch  in terests  of PALGs 
relies in their ability to  form highly o rgan ized  struc tu res in solution an d  in 
the  melt. T he rigidity of the  backbone, the  properties tha t th e  n a tu re  of the  
s id e  chain s confer to  the  polymer, and  the  chirality of th e  a -helica l 
backbone  a re  th e  main characteristics that m ake th e se  polym ers s o  unique 
an d  attractive.
T he first application for a  PALG w as reported  in 1961, w hen a  p a ten t 
for fabrication of PMLG fibers w as  is su e d 13. Cloth m aterials m ade  of PBLG 
or th e  D-isomer, p o s s e s s  similar characteristics a s  silk, they  show  excellent 
w ater perm eation and  a re  m ore tem peratu re  res is tan t than  natural silk.
Films of PMLG have b een  reported  to  h ave  high streng th  an d  excellen t 
ab rasion  res is tan ce . Im provem ent in dyeability is ob ta ined  w hen PMDG is
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u sed  a s  a  coating on poly(propylene), polyam ide, rayon or g la ss  fiber 
fabrics. T he J a p a n e s e  literature show s num erous u s e s  of films of PMLG a s  
lea th er su b stitu tes13. W hen  u sed  a s  a  coating, th is polym er a lso  im proves 
th e  w eath e r an d  ab rasion  resistance, h e a t stability an d  p ro tec ts  ag a in st 
fungal a ttacks on  natural leathers.
A num ber of applications o thers th an  in th e  textile o r leather 
industries h ave  b een  a lso  reported  for PMLG. Som e of them  are: 
perm eab le  m em branes for oxygen monitoring, support for photographic 
films, u se  to d isp erse  chem icals in photocopying p a p e r an d  p re ssu re  an d  
electrolytic sensitive p a p e rs13. Also, in th e  a re a  of m edical applications 
PMLG h av e  b een  u sed  for slow drug re le a se  system s, highly perm eable  
m em branes for bandaging , am ong m any others.
During the  last d e c a d e s  the  a re a  of m olecular arch itecture  h a s  b een  
attracting enorm ous attention. It w as in 1925 w hen G orter and  G rendel14 
first observ ed  the  form ation of a  m onom olecular layer of p ro teins on the  
w ater surface. S ince then, Langmuir-Blodgett (LB) films have  becom e of 
m uch in terest b e c a u se  they  provide a  convenien t techn ique to  a ssem b le  
two and  eventually  three-dim ensional o rdered  structu res a t the  m olecular 
level. W ith this technique, th e  alignm ent of the  transferred  m olecules 
parallel to  the  dipping direction is determ ined by the  geom etric  conditions of 
th e  m onolayer flow on  th e  w ater su b p h a se 15. This techn ique h a s  b een  
applied  in nanoengineering  for the  construction of highly o rganized
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m olecular dev ices  with applications in optics, e lectron ics an d  se n so r  
dev ices. It h a s  b een  reported  tha t m ultilayers of PALGs LB films p o s se s s  
excellen t optical properties d u e  to their very minimal lo ss  in w ave guiding, 
pattern ing  an d  information s to ra g e 16.
Among th e se  applications, W eg n er17 an d  o ther investigato rs16,18 have 
stud ied  n an o stru c tu res  built with PALGs. Perfectly oriented m onolayers of 
PALGs form ed a t the  air-w ater in terface produce aniso trop ic  films tha t can  
be  easily  transferred  onto  a  solid support. W hen  PALGs of long 
hydrocarbon side  chain s a re  u sed , the  polym er m olecules lie flat a t the  
in terface adopting a  two dim ension liquid crystalline s ta te  (nem atic-like) with 
low d efect s ite s  d u e  to  a  lack of crystallization. Tsukruk e t al1s have  
reported  th a t only small optical lo sse s  occur from layer in terfaces an d  
refractive index c h an g e s  a t dom ain boundaries  in multilayer d ev ices  u sed  
a s  w ave gu ides. T he polym er rods align with th e  helical a x e s  along the  
dipping direction. It is believed th a t the  s ide  chain s a re  partly in a  g lassy  
s ta te  (som ew hat fluid). M olecular dev ices  with potential app lications in 
optics an d  electron ics could b e  obtained  by the  stacking  of th e se  LB 
m onolayers with th e  sam e  or different orientations, or by a lternating  
m onolayers of rigid rod polym ers with m onolayers of a  com pletely different 
com position. M oreover, multilayer a ssem b lie s  of PALGs show  improved 
therm al stability com pared  to  com m on LB system s. W eg n er h a s  reported  
on s tud ies incorporating dye m olecules into m ono- an d  multilayer
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assem b lie s  for potential applications in non-linear optics, en ergy  transfer 
system s, an d  photoelectric effects17. In addition, th e se  sy stem s have b een  
en v isag ed  a s  optical information sto rag e  dev ices20. A ccording to th e se  
investigators, th e re  a re  different w ays to “write" the  information, o n e  is to 
optically h e a t an  orien ted  polym er film into the  isotropic p h a se  an d  
quenching  this “bit" by rapid cooling. A nother m echanism  to  sto re  
information on  a  an iso tropic  LB film involves th e  optical induction of a  
b irefringence pattern  by disturbing the  orientation of th e  polym er chains 
which tran s la tes  to a  difference in the  index of refraction. Both m echanism s 
in c rease  their sensitivity w hen d y es  a re  u sed  a s  optical labels. M enzel et 
al21 a ttem pted  to s to re  information by incorporating a zo b e n z en e  
chrom ophores and  isom erizing it with UV irradiation.
In a  com pletely different type of application, C an e t and  Cortieu22 
h ave  reported  tha t liquid crystalline solutions of PBLG in dichlorom ethane 
can  b e  u sed  a s  the  so lvent for enantiom eric e x c e ss  an aly sis  of m olecules 
containing severa l chiral cen te rs . A ccording to  th e  re sea rch e rs , the 
discrim ination occurs b e c a u se  in such  a n  an iso trop ic  chiral medium, two 
enan tiom ers exhibit different a v e rag ed  m olecular ordering param eters.
Y oda e t al23 have  reported  th e  form ation of m icroheterophase  
s tru c tu res  th a t a re  au to -assem b led  by copolym ers containing a  PALG block. 
A tri-block copolym er of the  type A-B-A (w here A is the  rigid PALG block 
an d  B is a  flexible polymer) show s the  form ation of m icelles. Films c a s t
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from solu tions of th e se  copolym ers prom ise to h av e  in teresting optical 
characteris tics24. T e s ts  for biom edical applications a re  exciting d u e  to  their 
antithrom bogenic activity, and  the  polypeptide block in th e se  synthetic 
copolym ers could improve the  biocompatibility of m aterials u sed  for 
implants.
PALGs h av e  a lso  b een  p roposed  a s  prom ising drug  delivery 
system s. S tud ies by C ho e t al2S of AB block copolym ers of PBLG and  
poly(ethylene oxide), to  which [0-p-D -galactopyranosyl-(1-4)]-D - 
gluconam ide o r [0-a-D -glucopyranosyl-(1-4)]-D -gluconam ide w ere  a ttach ed  
to the  end, a re  in tended to  avoid th e  side-effects of d rugs by delivering the  
active com ponen ts a t th e  recep to r sites. It h a s  a lso  b e e n  reported  that 
modified PMLG (usually with e thylene diam ine) h a s  antiviral and  
bacteriosta tic  activities13.
Also, th e  addition of small am ounts of PALGs to  poly(vinyl chloride), 
poly(vinyl ace ta te ) or their copolym ers im proves the  sh a tte r re s is tan ce  of 
the  p roducts m ade of th e se  m aterials13.
T he num ber of v en tu res aim ed for applications of PALGs a re  proof of 
their g rea t potential a s  a  specialty  polymer. However, for a  study  of 
physical properties of polym ers to have  significance, th e  sam p les  have  to 
b e  well characterized . In polym ers in particular, the  relationship  of the  
m olecular weight, and  th e  polydispersity of th e  sam ple  to th e  properties of 
the  m aterial a re  of major im portance. Obtaining m onod isperse  an d  pure
2 0
hom opolym ers of PSLG is, thus, on e  of th e  objectives of this re sea rch  work. 
S yn thesis  of th e  hom opotym er, fractionation of th e  product and  
characterization  of the  m olecular w eight an d  polydispersity a re  th e  s te p s  
n e c e ssa ry  to  ach iev e  the  goal. Only after m onod isperse  sam p les  a re  
available, th e  physical properties m easu red  can  provide true  information on 
the  a ttributes of th is polymer. C hap ter 2 d esc rib es  th e  syn thesis, 
fractionation an d  m olecular w eight characterization  of different PSLG 
sam ples. C hap ter 3 acco u n ts  for s tud ies of th e  liquid crystalline properties 
of PSLG using polarizing optical m icroscopy. Finally, ch ap te r 4 explains the  
w ork in th e  modification of PBLG through a  new  ap p ro ach  for its s ide  chain 
reactivity under mild an d  neutral conditions. This is followed by the  
utilization of th is m ethodology for the  form ation of crosslinked  gels of rigid 
rods of PBLG in solution.
CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF PSLG
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2.1 INTRODUCTION
Like o ther PALGs. PSLG can  adopt an  a-helix  conform ation in 
solution an d  in th e  melt. Most rod like polym ers show  very poor solubility 
and  their melting points a re  usually h igher than  their decom position 
tem peratu re. N evertheless, in PSLG, the  n a tu re  of th e  long an d  flexible 
paraffinic s id e  chain  (Cie) provides th is polym er with very  unique properties. 
PSLG is so lub le  in ordinary organic solvents, such  a s  chloroform, 
d ichlorom ethane, THF and  dioxane. In addition to this, th e  a-helix  can  
undergo  a  transition to th e  random  coil conform ation in solution by addition 
of a  strong acid, like trifluoroacetic acid, TFA, to  b reak  intram olecular 
hydrogen bonds. In the  solid sta te , w hen the  s ide  chain  crystallites melt, 
th e  s ide  chain s ac t a s  solvent m olecules surrounding th e  rigid helical 
backbone, thus lowering the  tem peratu re  a t which the  polym er flows. 
Microscopically, the  melt is a  two p h a se  system , on e  of them  co n sis ts  of the 
rigid backbone  (a-helix), and  the  o ther of the  flexible s ide  chains. Large 
m olecular w eight PSLG form s lyotropic liquid crystals  in THF a t appropria te  
concentrations, their study is described  in ch ap te r 3.
This ch ap te r d esc rib es  the  syn thesis  of hom opolym er PSLG from L- 
glutam ic acid  and  stearyl alcohol (1-octadecanol). O ne of th e  objectives is 
the  polym erization of th e  NCA m onom er to p roduce  m onod isperse  products, 
an d  for this different initiators w ere  studied. Among them , primary and
2 3
tertiary am ines, sodium  m ethoxide, an d  a  group  of silylated am ines. In an  
a ttem pt to sy n th esize  m onod isperse  oligom ers of PBLG, w e stud ied  the  
polym er form ation via th e  activated  m onom er m echanism  in th e  p re se n c e  of 
highly electrophilic m olecules acting a s  coinitiators. T he sy n th esis  of a  
copolym er, poly(Y -benzyl-a,L-glutam ate)-co-poly(y-stearyl-a,L-glutam ate), 
an d  the  labeling of PSLG with a  fluo rescence  dye a re  a lso  explained. The 
seco n d  part of th is ch ap te r acco u n ts  for th e  fractionation of p o lyd isperse  
PSLG and  th e  characterization  of nearly  m onod ispersed  sam p les  by a  
variety of m ethodologies such  a s  intrinsic viscosity, gel perm eation  
chrom atography (GPC), an d  light scattering.
2.2 SYNTHESIS
2.2.1 Synthesis of PSLG
Hom opolym er PSLG is usually sy n th esized  from th e  corresponding  
N -carboxy-anhydride of stearyl-L-glutam ate (NCA-SLG) a s  reported  by Daly 
and  P oche26. A different app roach  to obtain  PSLG is th e  transesterification  
of PMLG or PBLG, which a re  com m ercially available. S tu d ies  of the  
transesterification  reaction using p -to luene  sulfonic acid  a t high 
tem p era tu res  show  th e  incom plete rem oval of all the  original e s te r  g roups27. 
T ransesterification  occu rs  on  m ore th an  80%  of the  s id e  chains, but is not 
totally com plete; therefore, a  copolym er (which p o s s e s s e s  different 
p roperties from th e  hom opolym er), is th e  final product. M oreover, acid
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cata lyzed  scission  of th e  main chain  a lso  occurs during th e  
transesterification, lowering th e  m olecular w eight of th e  polym er an d  
changing  its m olecular w eight distribution.
T he sy n th esis  of th e  este r, y-stearyl-a.L -glutam ate, from L-glutamic 
acid  an d  th e  corresponding  alcohol w as d eveloped  by W asserm an 28 in 
1966. In this procedure, the  u s e  of sulfuric acid  a s  th e  cata lyst a n d  tert- 
butanol a s  th e  so lven t fo rces th e  esterification reaction  to  o ccu r selectively 
a t the  y-carboxylic acid. T he reaction p rocedu re  for th e  form ation of NCA- 
SLG using triphosgene  is d escribed  by Daly an d  P o ch e26. It should  be 
pointed out tha t NCA-SLG is sensitive  to  h e a t an d  to  nucleophiles, 
especially  w ater (m oisture is ab le  to start th e  polym erization). Therefore, 
g rea t p recau tions have  to b e  taken  in its handling. Solvents an d  g lassw are  
n e e d  to  be  carefully dried. Identification of the  NCA is easily  accom plished  
by IR sp ec tro scopy12, th e  characteristic  freq u en cies  a t 1855 cm '1 an d  1780 
cm '1 d u e  to the  stretching of th e  carbonyl g roups in th e  ring a re  ev iden t (Fig. 
2 . 1).
W hen the  NCA route is followed, th e  initiator for the  polym erization is 
of g rea t im portance. A s s ta ted  previously, the  n a tu re  of the  initiator 
de term ines th e  m echanism  of polymerization. Primary am ine initiators give 
predictive m onod isperse  sam p les  w hen u se d  in low m onom er to  initiator 
ratios ( < 1 0 0 ) T o  obtain high m olecular w eight polym ers, on the  o ther 
hand , a  strong b a se  initiator is preferred. T he exten t of the  polym erization
PSLG
NCA-SLG
SLG
3000 2000 1000
Wavenumber (cm-1)
Fig. 2.1: IR spec tra  of SLG, NCA-SLG and  PSLG
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reaction  can  b e  easily  followed by IR spectroscopy , th e  d isap p e a ra n ce  of 
th e  p e ak s  tha t a re  characteristic  of th e  NCA show s th e  consum ption of the  
m onom er in the  reaction (Fig. 2.1). Prystupa and Donald4 have reported that 
the frequencies in IR spectroscopy d ue  to the carbonyl groups in the  polymer 
backbone can  also  reflect the conformation of the polymer chain. T he a-helix 
and p-sheet conformation p resen t frequencies for the  e s te r C = 0  group a t 1735 
cm"1 while the random  coil conformation d oes not. T he am ide I band for a-helix 
occurs a t 1652 cm"1, for p-sheet at 1704 cm"1, and  for random  coil a t 1660 cm'1.
A ^ -N M R  spectrum  of PSLG show s the different kinds of protons 
p resen t in the polymer, a s  shown in Fig. 2.2. Peaks a t 5 betw een 2.0 and  2.8 
ppm correspond to the H in p and  y  positions. The peak  corresponding to the 
a-H overlaps the  0 -C H 2- hydrogens (a in the figure) a t around 4.0 ppm. The 
hydrogens from the next two -CH2- groups (b and c  in the  figure) ap p ea r a t 
6=1.8 ppm and 6=1.6 ppm, respectively. The remaining -CH2- hydrogens in the 
side chain ap p ea r at 5= 1.2-1.3 ppm and  the hydrogens in the side  chain 
methyl group ap p ea r a t 6=0.8 ppm. But ^ -N M R  spectroscopy a lso  provides 
information about the conformation of the polymer. It h a s  been  reported29 that 
the a-H  peak  in in the 1H-NMR spectrum  ap p ears  a t around 4 .0  ppm w hen the 
polymer adopts the  a-helix conformation in solution. W hen the helicity is 
destroyed by addition of TFA (breaking of intramolecular hydrogen bonds) the
> NHt ^
P ^ h 2 "
Y C H ,
8.0 7.09.0 6.0 5.0 4.0 3.0 2.0 1.0
PPM
Fig. 2 .2 :1H-NMR spectrum  of PSLG in CDCI3
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peak  for the  a-H  shifts to about 4.5 ppm, which is an  indication of the random 
coil conformation.
2.2.2 Synthesis of Poly(y-benzyl-a,L-glutamate)-co-poly(y-stearyl-a,L-
glutamate)
NCAs of different e s te r  groups can  a lso  be  polym erized to g e th er to 
obtain a  copolym er. A copolym er containing benzyl-L-glutam ate an d  
stearyl-L-glutam ate units, is p roduced  w hen a  mixture of the  corresponding  
NCAs a re  polym erized with a  primary am ine. T he reaction  ta k es  p lace  in 
the  sam e  m anner a s  a  normal hom opolym erization s in ce  both m onom ers 
a re  so luble  in THF. T he copolym er obtained  produced  th e  1H-NMR 
spectrum  show ed in Fig. 2.3. From th e  in tegrals of th e  p eak s  a t 5 -  5 .0  ppm 
(corresponding to th e  benzylic hydrogens in th e  benzyl e s te r  units) an d  5 = 
0.9 ppm (methyl group in stearyl units) of th e  1H-NMR spectrum  it is 
ap p aren t tha t the  proportion of benzyl to stearyl units in the  copolym er is 
30:70. T he copolym er is soluble in organic so lven ts such  a s  THF, 
chloroform, DCM. This copolym er is u sed  to investigate the  reactions a t the  
side  chain s (chap ter 4).
2.2.3 Silylated Amines as Initiators
A ccording to  the  m echanism  proposed  for prim ary am ines, good 
nucleophiles should  improve th e  ra te  of the  initiation s tep  (nucleophilic 
a ttack  of th e  initiator to  th e  NCA m onom er). Should th e  ra te  of th e  initiation
0  o
N H -C H -C - )— f  NH“ CH—c4-
| h  \  | h
(c h 2) CH
5 = 5.0 ppmCH
5 = 0.9 ppm
2.0 1.04.0 3.05.08.0 7.0 6.09.0
PPM
Fig. 2 .3 :1H-NMR spectrum  of poly(y-benzyl-a,L-glutamate)-co- 
polyfy-stearyl-a.L-glutamate) in CDCl3
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s tep  in c rease  in com parison with the  p ropagation  s tep s , th e  m olecular 
weight distribution would becom e narrow er. Silylated primary am ines a re  
ex p ec ted  to be  s tronger nucleophiles than  com m on primary am ines d u e  to 
th e  na tu re  of th e  trimethyl silyl group. T heir reactivity a s  initiators for the 
polym erization w as studied  a s  an  attem pt to improve the  polydispersity of 
the  polymer. T he initiators u sed  w ere ferf-butyl trimethylsilyl am ine, and  
N.N-diethyl trimethylsilyl am ine. T h e se  initiators w ere te s ted  in different 
m onom erin itiator ratios. All the  te s ted  silylated am ines produced  polym ers, 
how ever, GPC analysis of th e  products of the  different initiators and  
different m onom er:initiator ratios show ed no c lea r ev idence  of an  
im provem ent of th e  initiation ra te , or m olecular w eight distribution (Fig 2.4 
and  T ab le  2.1). It is ap p a ren t from the  GPC chrom atogram s tha t th e re  is no 
correlation betw een  th e  am ount of initiator ad d ed  an d  th e  d e g re e  of 
polym erization obtained. T he polym erization with low m onom er to initiator 
ratio produced  a  larger m olecular weight polym er than  the  high 
monom er: initiator reaction. M oreover, th e re  is no im provem ent in the  MWD 
com pared  to a  normal primary am ine polym erization for low m onom er to 
initiator ratios.
2.2.4 Study of Coinitiators
Kricheldorf30,31 an d  H ashim oto e t al32 h a v e  reported  th e  u se  of a  
coinitiator m olecule in th e  syn thesis  of m onod isperse  oligom ers of different 
oligopeptides. T h ese  coinitiator m olecules a re  m ore electrophilic than  the
31
PSLG-D
Q
0)T3C
o>
PSLG-C
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O' PSLG-B
PSLG-A
Elution Volume (mL)
Fig. 2.4: G PC  chrom atogram s of polym erizations by different 
silylated am ine initiators
T able 2.1: R esu lts  from th e  polym erizations by different 
_______________ silylated am ine initiators _________
Polym er Initiator Monomer: Initiator ratio Mwgpc MWD
PSLG-A ferf-Butyl 
trimethylsilyl am ine
50:1 15,500 1.7
PSLG-B ferf-Butyl 
trimethylsilyl am ine
100:1 9,500 4.5
PSLG-C N.N-diethyl trimethylsilyl am ine
50:1 11,000 1.7
PSLG-D N.N-diethyl 
trimethylsilyl am ine
100:1 9,000 1.5
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NCA m onom er. As explained before, in NCA polym erization, w hen a  
tertiary am ine is u sed  to  initiate the  NCA polymerization, the  reaction  occurs 
via the  activated  m onom er m echanism . The propagation  s tep  of this 
m echanism  involves the  attack  of a  NCA anion (activated m onom er) to the  
NCA-end of th e  growing chain. This reactive en d  of th e  polym er is a  N-acyl 
NCA, which is m ore electrophilic than  a  norm al NCA m onom er, th u s  the  
growth of th e  chain  is preferred  over the  initiation of a  new  o n e  (Fig 2.5).
Fig. 2.5: P ropagation  via the  activated  m onom er m echanism
On the  o th er hand, in th e  initiation step , the  activated  m onom er can  
only a ttack  a  norm al NCA, which h a s  a  slow er ra te  than  the  propagation  
s te p s  (NCA is le ss  electrophilic than  th e  growing end  of a  chain, N-acyl 
NCA), resulting in a  b road  m olecular w eight distribution. It is in this s tep  
w here  the  p re se n c e  of a  coinitiator can  improve th e  distribution. T he 
acceleration  effect of the  coinitiator resu lts  from the  rep lacem ent of the  slow 
initiation s tep  (reaction i) in which a  NCA anion a ttacks an o th er NCA, by a  
fa s te r  initiation s tep  involving the  fa s te r a ttack  of th e  activated  m onom er 
(NCA anion) to th e  coinitiator (reaction //), which is m ore electrophilic, a s  
show n in Fig. 2.6.
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HN 1 /  N-------1   HN--------C H 2-U -N ------------1
o ^ o ^ o  + o ^ o ^ o  ^ o ^ o - o ^ c r ^ o
Ruction i
O
H3O 11
/" — 'N  0  0
“- 1?----- 1 f  + ^ ----- 1  ^  CH3-U-N----CH2-U-N------1
O ^ O -^ O  cr'cr^o  0 ^ 0 ' c r 'o r >to
Reaction ii
Fig. 2.6: Initiation s te p s  via the  activated m onom er m echanism
This fa s te r initiation reaction would p roduce  m ore narrowly d isp erse  
polym ers, since  th e  propagation  s tep s  will be  of slow er or com parab le  ra tes  
a s  the  initiation s tep  rate . W hen  the  polym erization p ro ceed s  through this 
m echanism  a  derivative of the  coinitiator rem ains a ttach ed  to  o n e  en d  of the  
polym er while th e  growing end  p o s s e s s e s  an  NCA ring which is w here  the  
addition of new  m onom ers occurs. It should be  noted  tha t a fter the  first 
NCA anion a ttacks the  coinitiator, it becom es an  N-acyl NCA, which is m ore 
electrophilic than  any  o ther free  NCA m onom ers (thus, it b eco m es the 
preferred  site  of reaction).
Kricheldorf30,31 an d  Hasihim oto e t al32 have  reported  th e  form ation of 
m onod isperse  o ligopeptides w hen coinitiators w ere u sed . They 
characterized  their products by 1H-NMR analysis. In our s tu d ies  of the
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effect of different coinitiators in th e  oligom erization of NCA benzyl-L- 
glutam ate, w e used : 4-chloro phenylisocyanate  an d  chlorosulfonyl 
isocyanate, which a re  m ore electrophilic th an  th e  NCA m onom er. T he  basic  
initiator u se d  w as triethylam ine, in four tim es the  am ount of coinitiator. 
A nalysis by p lasm a desorp tion  m ass  spectro scopy  (PDMS) show ed  the  
form ation of oligom ers, however, the  products w ere  not m onodisperse , the  
m ass-p eak s  of a  m olecular w eight distribution is ap p a ren t from th e  spec tra , 
a s  show n in Fig. 2.7. It can  b e  se e n  in th e  sp ec tra  th e  periodicity of the  
signals, which co rresp o n d s to  the  m onom er unit w eight of benzyl g lu tam ate 
(219). T he spectrum  show n in Fig. 2 .7  (A) co rresp o n d s to  a  15:1 m onom er 
to coinitiator ratio, the  coinitiator w as chlorosulfonyl isocyanate; p eak s  
corresponding  to  D Ps of 5, 6  an d  7 a re  dom inant. Fig. 2 .7  (B) show s the  
spectrum  for the  oligom er obtained  using 4-chlorophenyl isocyanate  a s  the 
coinitiator in a  ratio of 10:1 (m onom er to coinitiator); th e re  a re  no dom inant 
peaks.
2.2.5 Synthesis of Labeled PSLG
A new  m ethod to a ttach  a  dye to  th e  polym er utilizing th e  m echanism  
of the  polym erization itself w as developed . During th e  polym erization 
(primary am ine m echanism ) a  prim ary am ine group is p re sen t a t the  
growing end  of th e  chain, an d  it a ttacks nucleophilically th e  next m onom er 
to  in c rease  th e  polym er chain. It is this active  prim ary am ine end-group that 
is u sed  to  a ttach  the  dye m olecule to the  polym er a t th e  en d  of the
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polymerization, w hen th e re  a re  no m ore m onom ers p resen t. T he dye u sed  
is fluorescein  isothiocyanate, isom er I (Fig. 2.8), which p o s s e s s e s  the  
iso th iocyanate  electrophilic group. This functional group is a ttacked  
nucleophilically by th e  am ine group a t the  en d  of th e  polymer. This 
m ethodology p roduces a  polym er chain  with only o n e  dye a ttach ed  to it, and  
th e  position of th e  dye g u a ra n te e s  tha t th e  helical conform ation of the  
polym er rem ains undisturbed. Furtherm ore, the  capping  of th e  am ine 
term inus may inhibit en d  to en d  aggregation.
s = c = n
HO' OH
Fig. 2.8: Dye fluorescein  isothiocyanate, isom er I
2.3 CHARACTERIZATION
2.3.1 Fractionation
Polym ers a re  usually m ixtures of hom ologues differing in their 
m olecular weight. A param ete r of the  heterogeneity  in m olecular w eights is 
the  m olecular w eight distribution, which is th e  ratio of th e  w eigh t-average 
an d  th e  num ber-average  m olecular w eights ( ^ ^ n). T h e  physical
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properties of polym ers a re  intimately re la ted  to  th e  distribution, s in ce  the  
m olecular w eight is of major im portance to  m ost physical characteris tics  of 
th e  polym er sam ple. It is therefore, of g rea t im portance to  obtain 
m onod isperse  sam p les  prior to  any  study of physical p roperties  or 
characterization  of any  kind of polymer.
Fractionation is o n e  m ethod to se p a ra te  polym er m olecules 
quantitatively accord ing  to their size. It is b a se d  on th e  partition of the  
m olecules in two p h a se s . T he sep ara tio n  of the  two p h a se s  occu rs  w hen a  
nonso lven t is a d d ed  to  a  hom o g en eo u s polym er solution. T he partition of 
th e  polym er into th e  two p h a se s  d e p en d s  upon its m olecular w eight or 
chem ical com position (in c a se  of copolym ers). Usually, the  polym er is first 
d issolved in a  so lven t a t sufficiently dilute concentration. A nonsolvent that 
is m iscible with th e  solvent, is then  ad d ed  to form th e  two p h ase s . P h a se  
sep a ra tio n  is a cce le ra ted  by centrifugation an d  th e  polym er-rich p h a se  is 
isolated  a s  the  first fraction (high m olecular w eight m olecules). More 
nonsolvent is th en  ad d ed  to the  solvent-rich p h a se  until the  next fraction 
a p p ea rs , an d  th e  sa m e  procedure  is rep ea ted  to  obtain m ore fractions, until 
all th e  polym er is sep a ra ted . In som e c a se s , depend ing  on  th e  system  
b e en  u sed , elevating the  tem peratu re  after the  p h a se s  s e p a ra te  an d  then  
allowing th e  system  to  p h a se  se p a ra te  slowly by d ecrea sin g  the  
tem pera tu re  im proves th e  fractionation.
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Two solvent/nonsolvent sy stem s w ere  te s ted  for PSLGs, th e  first 
co n sis ted  of h ex an e /ace to n e  and  the  seco n d  system  of THF/m ethanol. 
PSLG is so luble in h exane  a t 30°C, an d  precip itates w hen a ce to n e  is 
added . In som e situations a  gel w as obtained, which m ade  the separa tion  
of the  p h a se s  alm ost im possible. With the  seco n d  system  no gel w as 
observed , and  the  polym er is readily soluble in THF a t room tem peratu re. 
This w as the  preferred  system  for fractionation of PSLG. T he fractionation 
is m ore effective w hen the  sam ple  is h ea ted  w hen p h a se  separa tion  occu rs  
to red isso lve the  sam ple. T he sam ple is then  allowed to  cool down slowly 
to  room tem peratu re, at th is point a  fraction of the  polym er rep recip ita tes 
ag ain  and  can  be  sep a ra ted .
2.3.2 Gel Permeation Chromatography
GPC, gel perm eation chromatography, also  known a s  SEC, size 
exclusion chromatography, is another technique to sep ara te  m acrom olecules 
according to their size. This method is widely u sed  for polymer characterization 
and  molecular weight determination. The principle for the  separation of the 
different sizes of m olecules lies in the high and  controlled porosity of the  
particles or gel inside the G PC column. As a  mixture of different polymer s izes 
flows through the column, th ese  pores delay the smaller m olecules which can  
diffuse in and  out of them, while the larger polymer m olecules just flow with the 
solvent through the  column in less time. A detector connected to the  end  of the 
column, usually a  refractive index detector, responds to the concentration of
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polymer in the solution eluting out of the column by m easuring the  change in 
refractive index of the solution with respect to the pure solvent (the refractive 
index ch an g es  proportionally to the concentration of the  polymer in the 
solution). T he capacity of the column to separa te  the m acrom olecules 
according to their size d o es  not indicate the absolute m olecular weight of the 
polymer. This process of separation by the  size of the m olecules provides with 
information about the m olecular weight distribution of the sam ple. The system  
n eed s  to b e  calibrated with standard  sam ples of known molecular weights to 
obtain their elution volumes prior to any unknown sam ple can be  analyzed.
And th ese  results are  not absolute, they a re  relative to the s tandards used  in 
the calibration curve, this m eans, standards of the sam e polymer been  tested  
should be available. It is also  important that all the param eters in the system  
remain the sam e (solvent, columns, flow rate).
W hen a  multi-angle light scattering detector is connected to the GPC 
system, it is possible to m easure  absolute m olecular weights without the need  
of any calibration curves. The DAWN F (from W yatt Technology Corp.) is such 
a  detector, it can m easure  scattered  light at 18 different angles simultaneously 
a s  the  polymer solution flows out of the  GPC column. The intensity of the light 
that a  polymer scatters is u sed  to determ ine its w eight-average molecular 
weight. In addition to this, from the  angular dependence  of the scattered  light, 
information about the physical size of the molecule can  be obtained. This 
instrument u se s  high-gain hybrid transim pedance photodiode detectors that
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m easure  the  sca ttered  light over a  wide range of angles, from 5° to 175°. T he 
software package  that m anipulates the da ta  from the  d etec to rs (both light 
scattering and  refractive index) is called ASTRA, an d  determ ines th e  number, 
weight an d  z-average  m olecular weights and  sizes.
Analysis of the  different polymer s izes  obtained from th e  fractionation of 
PSLG by GPC, a s  described above, produced the  chrom atogram s (refractive 
index detector response) shown in Fig. 2 .9  and  T able 2.2. It c an  be  observed 
that a  good separation of the  different m olecular weight polym ers w as 
accom plished by the  fractionation procedure, however, not all the  fractions 
have  a  unimodal distribution. T hese  fractions would probably require 
su bsequen t fractionations.
T able 2.2: Results from fractionation of PSLG
Fraction Mw MWD
1 1.6 x 1 0 4 1.08
2 1.3 x 1 0 4 1.18
3 8.1 x 10® 1.21
4 4.0x10® 1.45
5 2.7x10® 1.69
6 1.4x10® 12.93
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Fig. 2.9: G PC chrom atogram s of PSLG after fractionation
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2.3.3 Intrinsic Viscosity
In 1930 S taudinger discovered that the viscosity of a  solvent changed  
dramatically w hen a  polymer w as dissolved in it, even  a t very low 
concentrations33. M easurem ents of viscosities of dilute solutions of polymers 
can  provide information on the polymer molecular weight, branching, polymer 
dim ensions, and conformation.
According to Newton’s  law of viscous flow, the friction force, F, that 
resists the flow of any two adjacent layers of liquid is given by:
t= A dVF = t i A —  
dx
w here A is the a re a  of contact betw een the layers, d % Jx is the velocity
gradient betw een them  (shear rate), and  the proportionality constant, r\, is the 
viscosity. In polymer science, however, the relative viscosity, which is the 
change in viscosity for the solution with respect to the pure solvent, is m ore 
important than the  absolute viscosity. Assuming that the polymer solution 
(dilute) h a s  the sam e density a s  the  pure solvent, the relative viscosity, ti„i, is 
defined by:
n  t
Tirol =  —  =  —
T)o to
w here t\ is the  viscosity of the  polymer solution, t)0 is the  viscosity of the  pure 
solvent, t  is the flow time of the  polymer solution and to is the  flow time for the 
pure solvent. Flow tim es a re  m easured  in capillary viscosities, and  they have
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to be  determ ined under the  sam e conditions. Another term, the  specific 
viscosity, risp, is defined by:
(T|  — T|o)  ( t - t o )
T|*P = --------------- = -------------
Ho to
Both the relative and  the specific viscosities depend  on the  concentration of the 
polymer in solution, they increase with increasing concentration. T he intrinsic 
viscosity, [r|], is defined as:
[n] = l i m ^  = l in , l 5 ^
e-tO C e-*0 C
The Mark-Houwink equation re la tes the  intrinsic viscosity to the 
m olecular weight of the polymer, M:
fo] = KM"
w here K and  a  a re  constan ts for a  given polymer, solvent and  tem perature 
system . The value of a  contains information on the  conformation of the  polymer 
in solution. V alues of a  betw een 0.5 and  0.8 correspond to flexible polymers, 
and  stiff polymers have values of a  from 0.8 to 1.8. It should b e  noted that 
viscosity m easurem ents to obtain the values of K and  a  should be done on 
m onodisperse sam ples.
Intrinsic viscosities studies w ere performed on different m onodisperse 
PSLG sam ples in THF a t constant tem perature using a  U bbelohde viscometer. 
The resulting plots of ijjpfcvs. c a n d  (In ri»i)/c vs. c  a re  p re sen te d  in Fig. 2 .10  
to  Fig. 2.12. T he  intrinsic v iscosities ob tained  for th e  different m olecular
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Fig. 2 .10: V iscosity plot of PSLG  of M w=239,000 (MW D=1.13)
in THF a t 25°C
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Fig. 2 .11: V iscosity plot of PSLG of M w=208,000 (MW D=1.08)
in THF at 25°C
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Fig. 2.12: Viscosity plot of PSLG  of Mw=12 9 ,0 0 0  (M W D=1.12)
in THF a t 25°C
w eight polym ers a re  p re sen ted  in T ab le  2.3, including th e  w eigh t-average  
m olecular weight ob tained  from light sca ttering  m e asu re m e n ts  d esc rib ed  in 
th e  next section.
According to the  Mark-Houwink equation , from th e  plot of log(Mw) vs. 
log[ri] the  exponen t a  for PSLG in THF resu lts  to  b e  1.17±0.005, and  the  
value for K 5.94±0.71 x 10'7 dL/g, for th e  m olecular w eight ra n g e  from
129.000 to  239 ,000  (Fig. 2.13). Daly e t a i27 have  previously reported  values 
for K=1.29±0.35 x10’7 dL/g an d  for a=  1.29±0.09, for PSLG sam p les  of 
h igher polydispersity sam p les  with m olecular w eigh ts in th e  ran g e  from
38.000  to 250,000.
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Fig. 2.13: Mark-Houwink plot for PSLG in THF at 25°C
2.3.4 Static Light Scattering
The molecular weight of a  macromolecule can  be  obtained from the 
intensity of the light scattered  by different solution concentrations a t different 
angles. T he scattered  intensity is directly proportional to the  m olecular weight 
of the  polymer, an d  there  a re  no calibrations necessary , it is an  absolu te 
method.
Evaluation of the angular d ependence  of static light scattering allows 
one  to determ ine the m olecular weight of the  polymer, the  radius of gyration 
and  the second  virial coefficient. All this information is normally compiled 
graphically by plotting the Rayleigh ratio, R{q) , against the  scattered  angle and
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the  concentration. The resultant family of curves is commonly referred to a s  a  
Zimm plot. The Rayleigh ratio is given by:
VI,
4 tHL 0w here q  = -------sin(—), a  reciprocal dim ension; h  is th e  intensity of the
Xo 2
incident light on  th e  sam ple; Xo is th e  w avelength  of th e  beam ; I (q)  is the 
intensity of the  sca tte red  light tha t is d e tec ted  a t an  an g le  6 to  th e  incident 
beam  direction an d  a t a  d is tan ce  r  from th e  cen te r of th e  sam ple; n is the  
refractive index of th e  solution and  V is th e  scattering  volum e. T he Rayleigh 
ratio is equal to  th e  difference of th e  Rayleigh ratios for th e  solution an d  the  
pure  solvent.
T he equation that produces the Zimm plot is:
2D 2K c  1 q 2R
( 1+ ^ - ^ - ) + 242 c
R(Q) Mw '  3
In this expression M » is th e  w eigh t-average m olecular weight; Rg is the 
rad ius of gyration; A% is the  seco n d  virial coefficient (which d e p en d s  on 
polym er-polym er and  polym er-solvent interactions); c  is th e  concentration  
of th e  polym er solution; and  K  is and  optical co n stan t th a t con ta in s the  
differential index of refraction for the  system . To obtain  th e  m olecular 
w eight, rad ius of gyration an d  seco n d  virial coefficient of a  polym er in 
solution a  plot of v s- sin2( % )  + Ae is n eed ed . In th is expression , k
is ju s t a  scaling  constan t. Extrapolation of the  g raph  to  z e ro  concen tra tion  
an d  ze ro  an g le  yields th e  value  for the  w eigh t-average  m olecu lar w eight (y- 
intercept). T he  value for th e  rad ius of gyration is ob ta in ed  a t th e  limit of
concen tration  equal to  zero , Rt  = 3 (s lo p eo f c - 0 )  And thQ sec o n d
^ ( in te r c e p t  o f c  = 0)
virial coefficient is given by Ai  = (s *°Pe  of 6 -  0) |.n e s  for c  _  0 ancj
0 = 0 in tercept th e  y-axis a t th e  sam e  p o in t
For th e  c a s e  of PSLG, the  value for is 0 .08  ± 0 .0 0 2  a t X* =
488 .0  nm a s  reported  by P ochd29. Fig. 2 .14  show s th e  Zimm plot for a  
m onod isperse  PSLG sam p le  (M w=208,000; MWD 1.08). T ab le  2 .3  
sum m arizes th e  resu lts  of th e  characterization  of th e  m o n o d isp e rse  PSLG 
sam ples. M olecular w eights, radii of gyration an d  sec o n d  virial coefficients 
w ere  ob ta ined  from sta tic  light scattering  experim ents; m olecu lar w eight 
distributions w ere  ob ta ined  from G PC. T he co rrespond ing  m olecu lar 
w eights calcu la ted  from th e  G PC  experim ents w ere  225 ,000 , 212 ,000  an d  
125,000, respectively. T he  difference of th e se  v a lu es  with th e  o n e s  
ob ta ined  from static  tight experim ents c an  be  a ttributed  to  calibration 
p roblem s on th e  light sca tte ring  d e tec to r co n n ec ted  to  th e  G PC  system . 
C alcu lated  va lu es  for th e  radii of gyration, Rgcic, w ere  ob ta ined  from th e  
equation
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w here  L is th e  length of th e  rod, a n d  is given by L=1.5(Mw/382) A; an d  R is 
the  rad ius of th e  rod (37 A).
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Fig. 2.14: Zimm plot of PSLG (M w=208,000; M W D=1.08) in THF
Table 2.3: R esults of characterization of m onodisperse sam ples of PSLG
Mw MWD M  (dL/g) <Rg>z (A) Rgcale (A) A2 (mol cm"3 g2)
239,000 1.13 1.13 284.5±15.7 272.5 1.61 x 10-4
208,000 1.08 0.95 275.4±16.2 237.5 2.71 x 10“*
129,000 1.12 0.55 163.5±14.6 146.5 1.23 x 10"4
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2.4 EXPERIMENTAL
NMR sp ec tra  w ere recorded  on an  IBM Bruker 200  MHz or Broker 250 MHz 
instrum ent. IR sp ec tra  w ere  collected  on a  Perkin Elm er 1760 X FT-IR 
spectrom eter.
S yn thesis  of v-Stearvl-ot. L-alutam ate28. 90 .0  g of stearyl alcohol (1- 
oc tadecano l) an d  13.0 g of a.L-glutam ic acid a re  stirred  in 130 mL of tert- 
butanol an d  heated . W hen  the  tem peratu re  of the  su sp en sio n  re ach es  
40°C, 9 mL of co ncen tra ted  sulfuric acid  a re  ad d ed  dropw ise. T he mixture 
is then  h e a te d  to 65°C under reflux until a  hom ogeneous solution is 
obtained. After this, the  so u rce  of h e a t is rem oved while keeping  the 
stirring an d  the  solution is neutralized with 9 mL of triethylam ine, followed 
by 15 mL of w ater, 220  mL of ethanol and  51 mL m ore of triethylam ine. T he  
slurry produced is let to s tan d  until it re a ch e s  room tem perature. 
Recrystallization of the  product is accom plished  by addition of 500 mL of 
w ater an d  500 mL of n-butanol, th e  mixture is h e a te d  to  93°C, a t this 
tem peratu re  a  c lear solution is obtained. T he solution is allow ed to reach  
room tem peratu re  slowly. T he solid obtained  is w ash ed  with hot m ethanol 
an d  diethyl ether. T he crystals a re  dried in a  vacuum  oven overnight, 
producing 12.3 g (35% yield).
S ynthesis  of v-stearvl-g.L -alutam ate N-carboxvanhvdride. 2 .00  g of stearyl 
g lu tam ate a re  su sp en d ed  in 50  mL of THF and  h ea ted  to 50°C in a  tw o-neck
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flask ad ap ted  with a  nitrogen inlet and  a  c o n d en se r co n n ec ted  to  a  b a s e  
trap  to collect any  HCI or p h o sg en e  that e s c a p e s  the  reaction. At this 
tem pera tu re  0 .50  g  (1/3 equivalen ts) of triphosgene  a re  a d d ed  all a t o n ce  
and  a  sm all curren t of dried nitrogen is allow ed to  purge  th e  reaction 
mixture to carry aw ay any  HCI being produced. T he  reaction  b eco m es 
hom ogeneous in approxim ately 20 to 30  m inutes. After 2  hours of reaction 
the  c lear solution is p recip itated  in dried h e x an e s  (500 mL) an d  refrigerated 
overnight. The product is filtered u n d er argon  an d  dried in a  vacuum  oven. 
T he  NCA-SLG is red isso lved  in dried THF an d  filtered through celite under 
a  dry a tm osphere , an d  then  precipitated  in h ex an es  again . 1 .92 g (90% 
yield) a re  obtained . ’H-NMR: 0 .8  ppm (t), 1.3 ppm (s), 2 .2  ppm  (m), 2 .6  
ppm  (t), 4.1 ppm (t), 4 .4  ppm  (t), 6 .8  ppm (s).
S yn thesis  of PolW v-stearvl-a.L-alutam atel. To a  solution of th e  NCA 
m onom er in THF (approxim ately 10%) a  d esired  am ount of initiator is 
added . Prim ary am ines include benzylam ine an d  n-butylam ine, am ong the  
b a se s , triethylam ine an d  a  25%  (v/v) solution of sodium  m ethoxide in 
m ethanol w ere  u sed . T he reaction tak es  3  to 4  days a t room tem peratu re  
depend ing  on th e  initiator u sed . T he reaction is kept dry with a  freshly 
p rep a red  CaCt2 drying tube. W hen  the  reaction  is finished, th e  solution is 
co ncen tra ted  u n d er vacuum  an d  precipitated  in m ethanol, the  polym er is 
th en  dried under vacuum  overnight (yield -90% ).
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S yn thesis  of PolvCv-benzvl-a.. L -alutam atel-co-fv -s tearv i-a . L -alutam atel. A 
mixture of NCA-SLG (0.70 g, 0 .0027 mol) an d  NCA-BLG (0 .50 g, 0 .0012  
mol) in 15 mL of THF is reac ted  with benzylam ine (0 .0042 g, 3 .9  x 10"6 mol) 
a s  th e  initiator. T he  flask is cap p ed  with a  CaCI2 drying tube, stirred  for 4 
days, a fter which th e  solution is p recip ita ted  in m ethanol. After filtration, the  
copolym er is dried in a  vacuum  oven overnight. Yield is 0 .93g  (-90% ). 
S tud ies of Silvlated A m ines a s  Initiators. A solution contain ing  7 .20  g of 
NCA-SLG m onom er in THF (5 to  10%) w as divided into four eq u al portions 
an d  reac ted  with th e  different initiators a n d  with two different m onom er to 
initiator ra tios (100:1 an d  50:1), a s  show n in T ab le  2.4. T he  polym erization
T ab le  2.4: Study of sily lated  am ine  initiators
Initiator M onom er Initiator M onomer: Initiator 
(mol:mol)
Polym er
[Yield]
ferf-Butyl 
trimethylsilyl am ine
1.80 g 16.4 pL 50:1 1.41g[86%]
te/f-Butyl 
trimethylsilyl am ine 1.80 g 8 .2  pL 100:1
1.36 g 
[81%]
Diethyl 
trimethylsilyl am ine
1.80 g 16.1pL 50:1 1.35 g [81%]
Diethyl 
trimethylsilyl am ine
1.80 g 8.1 pL 100:1
1.40 g 
[86%]
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reactions and  la ter precipitations w ere  carried  out in th e  sam e  m anner a s  
d escribed  in th e  previous paragraph . T he initiators u sed  w ere  ferf-butyl 
trimethylsilyl am ine, and  N.N-diethyl trimethylsilyl am ine. T he silylated 
am ines w ere  ob tained  from Huls America, Inc.
S yn thesis of v-benzvl-«.L-alutam ate. For the  sy n thesis  of y-benzyl-a.L- 
g lutam ate, a  slightly modified p rocedure  from Block13 w as u sed . A 
su sp en sio n  of 35  g of a.L-glutam ic acid  in a  mixture of 125 mL of benzyl 
alcohol an d  35 mL of concen tra ted  hydrochloric acid  is h ea ted  to  65°C with 
stirring. W hen  th e  mixture beco m es hom ogeneous th e  so u rce  of h ea t is 
rem oved an d  th e  solution is kept stirring until it re a c h e s  room tem perature. 
750 mL of ace to n e  a re  ad d ed  to th e  slurry form ed and  th e  mixture is 
refrigerated overnight. After the  product is filtered and  dried un d er 
vacuum ,the hydrochloride is dissolved in 200  mL of ice-cold w ater. Small 
volum es of a  sa tu ra ted  aq u eo u s  solution of sodium  b icarbonate  a re  ad d ed  
to  neutralize th e  solution. T he precipitate form ed after neutralization is 
rem oved by filtration and  the  filtrate is continued to be  neu tralized  until no 
m ore precip itate  form s (~pH 7). T he c rude  y-benzyl- a .L -glutam ate, the  
precipitate, is w ash ed  with ice w ater and  th en  recrystallized from hot w ater 
an d  dried under vacuum . Yield ca. 12 g (-22% ).
T he syn thesis  of NCA benzyl g lu tam ate  from th e  e s te r  and  
triphosgene  is perform ed in the  sam e  m anner a s  th e  p ro cedu re  for NCA 
stearyl g lu tam ate  d escribed  above.
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Coinitiator S tudies. T h e  coinitiators chlorosulfonyl isocyanate  an d  4-chloro 
phenyl isocyanate  w ere  p u rch ased  from Aldrich. Triethylam ine w as distilled 
un d er vacuum  an d  dried with m olecular s iev e s  (4 A ). THF w as  distilled 
over calcium  hydride an d  DMF w as dried over m olecular s iev es  (4 A ). To a  
solution of 10% (w/w) NCA benzyl g lu tam ate  in a  mixture of THF:DMF 
(10:1) the  desired 'am o u n t of coinitiator w as ad d ed . To a  solution of 0 .20  g 
of NCA-BLG, 4 .4  pL of chlorosulfonyl isocyana te  w ere  added; which 
co rre sp o n d s  to a  m onom erco in itia to r ratio of 15:1. To this, 28 .3  pL of 
triethylam ine (which is th e  equivalent to four tim es the  num ber of m oles of 
coinitiator) w ere add ed .
W hen 4-chlorophenyl iso cy an a te  w as  utilized a s  the  coinitiator, a  
m onom er to coinitiator ratio of 10:1 w as u sed . To 0 .20  g of NCA-BLG 
m onom er d isso lved  in the  sam e  so lven t system  m entioned  above, 0 .012 g 
of 4-chlorophenyl isocyana te  w ere  added . To start the  polym erization, 10.6 
pL of triethylam ine w ere  added .
After 30 min of reaction, th e  mixture is p recip ita ted  in ethyl ether, 
then  th e  polym er is filtered an d  dried u n d er vacuum . For th e  reaction 
involving chlorosulfonyl isocyana te  a s  the  coinitiator, 0.11 g ( '66% ) of 
polym er w ere recovered . From th e  seco n d  reaction  with 4-chlorophenyl 
isocyanate , 0 .09  g (~54% ) w ere  recovered .
S yn thesis  of Labeled PSLG. F luorescein  isothiocyanate, isom er I, 90%, 
w as  p u rch ased  from Aldrich. 1.5 g  of NCA-SLG m onom er is d isso lved  in
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THF (betw een 5 to  10%). T he polym erization is initiated with 3 .9  pL of 
benzyl am ine (m onom er to  initiator ratio of 100) a s  d esc rib ed  previously. 
After the  reaction  is com pleted  (about 4 days) 27  mg of th e  dye, fluorescein  
isothiocyanate, isom er I, a re  ad d ed  (twice th e  num ber of m oles of initiator). 
T he mixture is allowed to reac t for two m ore d ay s  to  e n su re  com pletion and  
th en  it is precipitated  in m ethanol. After filtration, th e  product p o s s e s s e s  a  
light o ran g e  coloration an d  the  filtrate is yellow. T he polym er is dried under 
vacuum  overnight. T he e x c e ss  free  dye in th e  dry polym er is ex tracted  with 
m ethanol using a  Soxhlet a p p a ra tu s  until the  w ash ings a re  colorless. After 
drying th e  polymer, it is red isso lved  in THF an d  reprecip itated  in m ethanol. 
T he  extraction an d  reprecipitation a re  rep ea ted  until th e  w ash ings a re  free  
of dye  (w ashings a re  te s ted  by UV-Visible spectroscopy).
Fractionation of PSLG. The polymer to be  fractionated is dissolved in THF to a  
concentration of approximately 0.05 g/mL. The solution is stirred and  once the 
polymer is completely dissolved the non-solvent, methanol, is added  dropwise. 
The addition of the  non-solvent is stopped w hen turbidity appears. T he 
he terogeneous mixture is then warm ed to 40°C, at which it becom es 
hom ogeneous again. After this, the  solution is allowed to cool down to room 
tem perature and  the turbidity reappears. The sam ple is then centrifuged. The 
supernatan t is poured into a  clean flask and m ore non-solvent is ad d ed  to it in 
the sam e way. The operation is repeated  until no more polymer precipitates 
out of the  solution. T he centrifugates a re  dried under vacuum  and  then
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characterized individually by GPC. For the  fractionation of the polydisperse 
sam ple of PSLG d iscussed  in previously in this chapter, six fractions w ere 
obtained from 1.00 g of polymer (se e  tab les  2 .2 and  2 .5 for results).
T ab le  2.5: Polym er reco v ered  from fractionation
Fraction W eight recovered
1 0.12 g
2 0.10 g
3 0 .32  g
4 0.18  g
5 0.04  g
6 0 .05  g
Total 0.81 g
Gel P erm eation  C hrom atography. T h e  G PC  system  co n sis ts  on  a  
p rogram m able so lven t delivery unit, a  W ate rs  590 (by Millipore Corp.), 
which pum ps th e  solvent through th e  colum ns. T he  colum ns a re  p ro tec ted  
by a  guard  colum n (P henogel 50x7.8 mm, 10|im  from P henom enex). T he 
sep a ra tio n  is ach ieved  by two colum ns co n n ec ted  sequentially , a  P henogel 
10MXH (NFO, 300x7.8 mm, 10 urn) an d  a  Phenogel 10 (NFO, 300x7.8  mm, 
10-5A), both  of them  m anufactured  by P henom enex. T he  first d e tec to r
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co n n ec ted  to  th e  en d  of the  colum ns is a  m ulti-angle light sca ttering  
detector, th e  DAWN F (from W yatt Technology Corp.), which u s e s  vertically 
polarized  light provided by a  H e-N e 5 mV la se r  (A,=632.8 nm), th e  read  h ead  
con ta in s 18 high-gain hybrid tran sim p ed an ce  photod iode d e tec to rs  
a rran g ed  around  th e  flow cell (from 5° to  175°). T he DAWN F light 
sca ttering  de tec to r is provided with an  am plifier b o o s te r board  to  e n h an c e  
the  sensitivity (up to 100 tim es). T he seco n d  de tec to r co n n ec ted  in-line is a  
differential refractom eter unit, th e  W ate rs  410  (from Millipore C orp.) and  is 
provided with a  LED light source.
T he  so lven t flowing through the  system  is THF filtered through a  0.1 
pm pore  s ize  filter (from N ucleopore) a t a  flow ra te  of 0 .9  mL/min. The 
concen tration  of the  sam p les  a re  usually  betw een  3  a n d  5 mg/mL 0 .3  - 0.5%  
w/v). S am p les  a re  prefiltered through a  0 .2  pm PTFE filters (from 
W hatm an), before  their injection into a  500 pL injector loop. T he  system  is 
co n n ec ted  to  a  personal com puter running th e  softw are p ack ag e  called 
ASTRA (from W yatt Technologies).
Intrinsic V iscosities. Intrinsic viscosities w ere m easu red  using a  U bbelohde 
capillary v iscom eter in a  tem peratu re  controlled w ater bath  a t 30.0°C. T he 
so lven t w as  THF. Polym er so lu tions in the  ran g e  of 0 .8  to  0 .5  g/dL w ere
used . P lots of v s  c  an d  ln vs c  w ere  ex trapo lated  to  zero
concentration  to  obtain  the  intrinsic viscosities.
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S tatic  Light Scattering. For th e  sta tic  light scattering  determ inations an  "in- 
h o u se” m achine w as used , equ ipped  with a  Lexel Model 95  Argon ion la se r 
(X„= 514 .5  nm). An EMI-9863 photomultiplier d e tec to r w as u sed . T he 
correlator w as a  Langley-Ford M odel 1096. D ust free  polym er so lu tions in 
th e  ran g e  of 0.1 % to 0.5%  (w/v) w ere p repared  in THF. T he  value for dn/dc 
for PSLG in THF is 0.08±0.002 mL/g (at A«=488.0 nm)29. M easurem en ts 
w ere  m ade for a t leas t four different concen tra tions a t different an g les  (no 
le ss  than  four).
CHAPTER 3 
LIQUID CRYSTALS
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3.1 INTRODUCTION
Peculiar melting behav io rs of som e organic  m olecules w ere  
first ob serv ed  in th e  la te  1800s by R einitzer34. T he m olecu les w ere 
cholesterol e s te rs , an d  th e  crystals m elted to form a  n o n tran sp aren t 
m elt w h o se  opacity  d isap p e a re d  later a t a  h igher tem perature. 
R einitzer concluded  that the  opacity w as d u e  to som e o rder in this 
in term ediate m olten s ta te . T he term  “liquid crystal” w as introduced 
for this s ta g e  betw een  th e  crystalline an d  the  real isotropic fluid state . 
Lyotropic liquid crystals a re  th o se  tha t form in solution, and  
therm otropic liquid c rysta ls  a re  form ed in th e  melt.
In liquid crystals, m olecules a re  partially o rdered , they  a re  
a rran g ed  in a n  in term ediate  p h a se  betw een  th e  random  distribution 
(disorder) of a  liquid an d  the  regu lar th ree  d im ensional packing 
(order) of a  crystal. T h ere  a re  different o rd ered  struc tu res  the  
m olecules can  adop t in th e  liquid crystalline p h ase , in th e  nem atic 
ph ase , there  is partial orientation of th e  long ax es  of the  m olecules 
parallel to  a  preferred  axis (Fig. 3.1). In sm ectic  liquid crystals, there  
is both a  partial orientation of the  ax es  an d  a  partial positional 
ordering of th e  c en te rs  of m ass  of the  m olecules into layered 
struc tu res (Fig. 3.1). A third liquid crystalline p h ase , called 
cholesteric, is d esc rib ed  later in this chap ter.
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Fig. 3.1: Liquid crystalline p h a se s
Even though small organic m olecules th a t form liquid crystals 
have  b een  known for about 100 years, only for th e  last 20  y ears  have 
polym ers, tha t m ake liquid crystals, received  in c reased  attention.
This is b e c a u se  traditionally, re sea rch  on polym er m elts and  
solutions h av e  dealt with m acrom olecules tha t can  a ssu m e  a  variety 
of conform ations w hose  only restrictions a re  d u e  to th e  covalent 
bon d s an d  va len ce  an g les  of its prim ary structure. T he seco n d ary  
structure of su ch  polym ers is not defined since  it is charac te rized  by 
a  dynam ic se q u e n c e  of rapid ch an g es  in the  polym er's internal 
d e g re e s  of freedom  a s  the  polym er structure  yields to  sh e a r  s tre s s e s  
a n d  density  fluctuations in its environm ent (random  coil 
conformation). Almost all synthetic polym ers exhibit a  random  coil 
conform ation in solution and  in the  melt. On th e  o ther extrem e, there  
a re  som e m acrom olecules that p o s se s s  a  very well defined
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seco n d ary  structure  an d  ev en  a  tertiary structure (three-dim ensional 
spatial a rran g em en ts  of seco n d ary  structures) in solution. This is the 
c la ss  of polym ers th a t usually develops liquid crystalline s ta te s .
Elliot an d  A m brose35 w ere  the  first to d iscover a  polym eric 
liquid crystal. They w ere  studying films of PBLG from solution w hen 
they  d iscovered  a  birefringent solution ph ase . Later, R obinson38,37 
stud ied  th is birefringent solution in detail and  ob serv ed  th a t it 
b eh av ed  like low m olar m ass  cho lesteric  liquid crystals.
W hen  liquid crystalline polym ers w ere  first introduced 
commercially, they seem ed  very prom ising for th e  m anufacture of 
high streng th  and  light-weight m aterials. S ince th e  late 1970s the  Air 
Force W right Laboratory and  Air Force Office of Scientific 
R esea rch 38 have had  very strong in te rests  in th e se  polym ers. Their 
focus w as not only in p rocessing , m echanics an d  m orphology of 
liquid crystalline polym ers, but a lso  in theoretical a sp ec ts , synthesis, 
and  solution properties. The objective of th e se  s tu d ies  w as  to 
develop  th e  technology for a  plastic  m aterial tha t p o s s e s s e s  the  
sam e  or im proved m echanical properties of high perform ance m etals 
but with the  econom ics an d  ductility of a  nonm etallic m aterial. In the  
early  1980s, ICI investigated th e  potential application of liquid crystal 
polym ers a s  additives to aid in th e  p rocessing  of high viscosity 
conventional polym ers, d u e  to  their high m olecular w eight an d  low
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viscosity39. A few  y ea rs  later, ev en  though th e se  products h ave  
som e com m ercial applications su ch  a s  rubber reinforcem ent, rigid 
com posites for boa t hulls and  a e ro sp a c e  applications, protective 
clothing, ballistic vests , an d  for a sb e s to s  rep lacem en t in b rake 
linings, they  a re  not b een  a s  widely u sed  a s  ex p ec ted 40. And the  
rea so n  for this is mainly d u e  to  difficulties in th e  p rocessing  
technology (designed  for random  coil polym ers) and  their 
com plicated  physics in solutions an d  b lends. T herefore, in o rder to 
maxim ize the  utilization of this c la ss  of polym ers in th e  com m ercial 
a rea , a  be tte r understand ing  of their rheology, p rocessing , structure- 
property  relationship, an d  fundam ental physics is n eed ed .
3.1.1 T h eo ry  o f  L iquid C ry s ta ls
T he form ation of liquid crystals is a  co n se q u e n ce  of m olecular 
asym m etry, an d  is b a se d  in the  fact tha t two m olecules canno t 
occupy the  sam e  sp ace . Polym eric liquid crystals  a re  form ed d u e  to 
th e  limited num ber of rodlike chains tha t can  b e  accom m odated  in a  
random  arrangem en t in solution a t high concentra tions, o r to the  
axial ratio of chains tha t c an  exist random ly in the  melt. W hen  this 
critical concentration  or axial ratio is ex ceeded , a  liquid crystalline 
p h a se  s ta rts  to ap p ear. In th e  liquid crystalline p h ase , the  m olecules 
align parallel to e ach  o ther in uniform dom ains in o rd e r to 
accom m odate  the  h igher concentration or m olecular weight. As the
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total concentration in creases, an  additional o rdered  p h a se  is form ed 
a t th e  ex p en se  of th e  isotropic p h a se  until a  certain  concentration  is 
reached , a t which the  w hole solution b eco m es anisotropic. In melts, 
th e  anisotropic p h a se  form ation d e p en d s  only on th e  m olecular 
w eight of th e  polym ers (axial ratio).
It w as before the  first experim ental s tud ies of polym er liquid 
crystal sy stem s w ere done  w hen in 1947, O n sag er41 form ulated a  
theory  predicting th e  formation of liquid crystalline solutions of 
polym eric rods. This theory  is b a se d  on th e  density  d e p en d e n c e  of 
the  free energy  of a  g a s  (or su sp en sio n ) of long rods in term s of 
c lu ster in tegrals and  excluded volume. T he driving force for a  
transition from an  isotropic to an  anisotropic p h a se  is the  com petition 
betw een  the  orientational entropy (minimum in d isordered  p h ase s) 
an d  the  translational entropy of the  rods (minimum w hen they  adop t a  
parallel array). This transition is of the  first order, and  a t the  
transition point the  volum e fraction, ffo, occupied  by the  rod polym ers 
in th e  o rd ered  p h a se  (liquid crystal) is:
- 4 -5 08= -------
x
w here  x is th e  axial ratio, d  is th e  d iam eter an d  L is th e  length of
th e  rod. For th e  isotropic p h a se  in equilibrium with th e  liquid 
crystalline p h a se  the  volum e fraction, ^A.of rods is smaller:
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O n sa g e r developed  this theory for an  atherm al system  of 
im penetrable rods; therefore, a n d  ^ a a re  independen t of 
tem peratu re.
In 1956, Flory42 published his theory for liquid crystal polym er 
so lu tions b a se d  on statistical therm odynam ics. Flory 's lattice model 
d e a ls  with th e  probabilities of arrang ing  a  rod polym er (trea ted  a s  a  
num ber of co n nec ted  m onom er seg m en ts) and  so lvent m olecules. 
T he predicted  concentra tion  a t which an  equilibrium of isotropic and  
aniso tropic p h a se s  coexist is given by the  volum e fraction, ^ a :
X X X
According to  Flory, the  p h a se  sep ara tio n  is du e  to th e  asym m etry of 
th e  m olecules; th e re  a re  no  attractive fo rces required43. In th e  melt, 
a n  axial ratio of only 6 .42 (higher v a lu es  a re  n eed ed  for solution 
liquid crystals) is required  to  obtain  a  liquid crystalline p h ase .
Som e experim ental resu lts  utilizing polypeptides in solutions 
of different so lven ts have  su g g es ted  tha t th e  O n sag e r theory  a g re e s  
with experim ental resu lts  a t low v a lu es  of (low m olecular w eights)
while th e  Flory predictions a p p e a r  c lo se r for sam p les  with high ^  
(high m olecular w eights)44.
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A s the  rigidity of the  polym er d e c re a se s , the  critical 
concen tra tion  in c reases, therefore, th e  value of is an  indicator of 
th e  stiffness of the  polymer. R eported  v a lu es  of <f>a for cellu lose 
derivatives for different m olecular w eights an d  so lven ts ran g e  from 
0.25 to 0.39. On the  o ther hand, stiffer polym ers like the  aram ids 
show  lower values for com parab le  o r lower m olecular w eights ( $ a < 
0.1). T he v a lu es  for PALGs a re  believed to  fall in be tw een  them 44.
More contem porary  theo ries  take  into account enthalpic 
fac to rs in addition to th e  en tropic term s. Flory introduced %, the  
polym er-solvent interaction param eter, which co nsiders  the  en thalpy  
of mixing of th e  polym er in a  solvent. A p h a se  diagram  for solutions 
of rod polym ers show s th ree  regim es: a n  isotropic solution, a  
b iphasic  region (coex istence  of isotropic an d  liquid crystalline 
solution), and  a  liquid crystalline solution. T h e  transition from 
isotropic to  anisotropic p h a se s  is dom inated by entropic 
considera tions s in ce  it a p p e a rs  tha t th e  en thalpy  favors th e  isotropic 
solution (the transition is endotherm ic)44. Flory’s  theory  predicts the  
p h a se  diagram  show n in Fig. 3.2.
According to  the  p h a se  diagram , th e re  is an  isotropic region, a  
region w here  two p h a se s  coexist, an d  a  third region which is 
uniformly birefringent. T he concen tra tion  a t which th e  birefringent
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Fig. 3.2: Schem atic  p h a se  d iagram  of lyotropic liquid crystals
p h a se  first a p p ea rs  (left s ide  of the  "chimney") w as d eno ted  by 
R obinson a s  the  A point36. And th e  concentration  a t which the  
solution s ta rts  to becom e o n e  uniform birefringent p h a se  (right side  
of the  “chimney") w as deno ted  the  B point. T he A an d  B points 
d ep en d  on the  m olecular w eight of the  polym er an d  the  tem peratu re  
of th e  solution. T he p h a se  transitions can  be  followed by polarizing 
optical m icroscopy. W hen th e  polym er concentration  ex ceed s  point 
A, the  solution se p a ra te s  into two p h ase s . A birefringent polym er 
rich p h a se  se p a ra te s  from a  m ore dilute p h ase , initially in the  form of 
liquid drop le ts  or spheru lites. This biphasic region prevails 
increasing  th e  concentration, th e  spheru lites grow in s ize  until th e  B
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point is reach ed  a n d  the  spheru lites c o a le sce  forming a  continuously 
birefringent ph ase .
T he rings inside the  spheru lites a re  equ id istan t and  
co rrespond  to th e  a rrangem en t of cho lesteric  p la n es  w arped  into a  
spherical surface. T he s ize  of the  spheru lites d e p en d s  on the  
m olecular w eight of th e  polym er an d  th e  density  of the  solvent. High 
m olecular w eight polym ers form generally  sm aller spheru lites, an d  if 
th e  density  of both polym er an d  so lvent a re  similar, th e  spheru lites 
tend  to grow  to  large s ize s37.
T he lower portion of the  p h a se  d iagram  (low tem p era tu res) 
ind icates a  w ide b iphasic  region. However, if an  isotropic, biphasic, 
or uniformly o rdered  solution a re  brought into this w ide b iphasic 
region, a  tran sp aren t gel forms. T he gel is concen tration  and  
tem peratu re  d ep en d en t an d  reversible. T h ere  is no general 
ag reem en t on the  form ation of th e  gel; how ever, it is believed it is 
form ed d u e  to the  ten d en cy  of som e polypeptides to  a g g reg a te  in a  
parallel or side-by-side fashion.
3.1.2 Cholesteric Superstructure
C holesteric  liquid crystals show  a  parallel packing of rods a t 
the  m icroscopic level, but on  a  m ore m acroscopic  sca le , a  tw isted 
superstructu re  is apparen t. In cho lesteric  p h a se s , a lso  called 
"twisted nem atics”, form ed by rod polym ers, th e  m olecules lie in a
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layer with one-d im ensional nem atic o rder an d  the  direction of 
orientation of th e  m olecules ro ta tes  by a  small co n stan t angle, 
from o n e  layer to th e  next. T he d isp lacem ent occu rs  abou t an  axis of 
torsion, or cho lesteric  axis Z, normal to  th e  layer p lanes, a s  show n in 
Fig. 3.3.
This periodic superstructu re  (super-helix) is ch arac te rized  by 
th e  d is tan ce  betw een  the  two layers with m olecular orientation 
differing by 360°, which is known a s  th e  pitch, P, an d  is given by:
w here  D is th e  d is tan ce  betw een  two rods (along th e  Z direction) and  
can  be  determ ined  from X-ray diffraction stu d ies  of polypeptide liquid 
crystals. $  is a lso  called  th e  helical twisting pow er of the  liquid 
crystalline solution44.
W hen  cho lesteric  liquid crystals a re  s e e n  a t right an g les  to the  
cho lesteric  axis through a  polarizing optical m icroscope, the  
so lu tions show  reg ions of regu lar striations a rran g ed  in a  swirl-like, 
or fingerprint pattern . T h e se  patterns a re  th e  m axima and  minima in 
the  m ajor refractive index and  birefringence of the  cho lesteric  
superstructu re . T he maxima ap p ea r w hen th e  m olecules a re  a t right 
an g les  to  th e  direction of observation, and  th e  minima w hen the
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Fig. 3 .3 :  C holesteric  liquid crystal su perstructu re
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m olecules a re  parallel to th e  direction of observation . R obinson36,37 
h a s  noted  tha t for PBLG solutions in dioxane, th e  d is tan ce  betw een  
striations, or the  periodicity, S (which is one-half th e  pitch of the  
cho lesteric  structure), is of th e  order of 3 to 100 pm, an d  it d e p en d s  
linearly on th e  tem peratu re. T he periodicity of the  striations a lso  
d e p en d s  on th e  concentration  of the  sam ples. R obinson found that 
for PBLG in d ioxane the  pitch is inversely proportional to  th e  sq u a re  
of the  concentration, while D uPre e t al4S reported  a  d e p en d e n c e  of 
c '18 for th e  sam e  system . The choice of solvent h a s  a  rem arkable 
effect in the  striation sep ara tio n  in PBLG lyotropic liquid crystals, it 
h a s  b een  found tha t the  periodicity of the  pattern  can  ch an g e  a s  
m uch a s  th ree  tim es depend ing  on the  solvent (with th e  sam e  
polymer, concen tration  an d  tem peratu re)45.
In co n trast to a  small num ber of reports of s tu d ie s  of PSLG in 
liquid crystalline sta te , th e re  is abu n d an t literature of investigation of 
the  liquid crystalline behavior for PBLG. S tud ies of th e  liquid 
crystalline p h a se  d iagram  of PBLG in different sy stem s h av e  b een  
reported  by severa l investigators4,46. In m olecular dynam ic 
sim ulation stud ies, Helfrich e t al47 calcu la ted  the  ran g e  of the  induced 
so lvent structure  for dilute so lu tions of PBLG in DMF to be  30 A, 
w hich co rresp o n d s to  the  effective d iam eter ob tained  from light 
scattering  experim ents. This ind icates the  im portance of including
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the  solvation zo n e  in the  m olecular excluded volum e for experim ental 
and  theoretical considera tions that d ep en d  on the  lateral dim ension 
of the  particles. It w as a lso  found tha t a t the  border of the  polym er 
rods, the  solvent w as highly structured.
In s tu d ies  on the  rheology of a-helica l polypeptides, it h a s  
b een  show n that liquid crystals of PBLG in benzyl alcohol p roduced  
th ree  reg im es in the  sh ea r d ep en d en ce  of th e  viscosity40. This 
d ep en d en ce  can  b e  explained with re sp ec t to  the  re sp o n se  of the  
dom ain structu re  to the  sh e a r  flow. At low sh e a r  ra tes, the  first 
regim e, the  sh e a r  flow is not flow aligning an d  the  d irector tum bles 
u nder flow. In th is regim e the  dom ain structu re  is not a ltered , the  
dom ains just flow over each  other, resulting in a  shear-th inning 
regim e. As th e  sh e a r  ra te  inc reases, seco n d  regim e, th e  flow 
dam pens the  tumbling of the  director and  the  dom ains start to break. 
Although the  overall o rder of the system  d e c re a se s  dram atically in 
this regim e, th e  m olecular o rder of th e  solution is not greatly  affected 
by the  sh e a r  flow. In the  last regime, the  s h e a r  ra te  b ecom es so  
strong that it b reaks up all the  dom ains (the flow beco m es sh e a r  
aligning) creating a  single dom ain. And the  o rder in c rease s  with the  
in c rease  of sh e a r  rate .
It h a s  b een  reported  that cho lesteric  liquid crystals  a re  highly 
non-N ew tonian in their flow properties. A trem endous in c rease  in the
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a p p aren t viscosity (r|app) is observed  w hen the  sh e a r  ra te  drops to  a  
low value. Helfrich47 h a s  a lso  su g g es ted  tha t a t low sh e a r  ra tes, flow 
occu rs  along the helical axis without th e  helical structure  itself 
moving. A ssum ing tha t the  velocity profile is flat, the  energy  gained  
by the  translational motion of the  fluid in th e  p re ssu re  gradient 
should  b e  equal to  that d issipated  by th e  rotational motion of the  
director. For sh e a r  flow norm al to the  helical axis, the  cho lesteric  is 
expec ted  to b eh av e  m ore or le ss  like a  nem atic. An in teresting 
prediction is that for a  given sh e a r  ra te  an d  sam ple  th ickness the  
ap p a ren t viscosity vs. pitch beco m es com parab le  to the  sam ple  
th ickness48.
Polym er m elts of nonracem ic m ixtures of chiral (optically 
active) m olecules often produce  cho lesteric  liquid crystals. This is 
the  c a s e  for m ost polypeptides and  for PSLG in particular. But it h a s  
b een  reported44 tha t th e  chiral a-helical conform ation of polypeptides 
p ro d u ces  a  cho lesteric  twist tha t is re la ted  to th e  achiral solvent. T he 
right- or le ft-handedness of the  cho lesteric  twist is re la ted  to the  form 
optical rotation. For exam ple, the  form optical rotation of PBLG liquid 
crystals is positive w hen p rep ared  in dioxane, negative in m ethylene 
chloride, while PBLG itself is a  right-handed a-helix  in both solvents. 
In an  8:2 m ethylene chloride:dioxane mixture, the  PBLG liquid crystal
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is co m p en sa ted  (nem atic). This is believed to  be  p roduced  by the 
influence of the  dielectric properties of th e  medium.
3.2 LIQUID CRYSTALS OF PSLG
A s m entioned before, in helicogenic solvents, such  a s  THF, 
PSLG ad o p ts  an  a-helical conform ation. This conform ation provides 
th e  polym er with a  rigid backbone. C oncen tra ted  solutions of high 
m olecular weight polym er form liquid crystals. T he form ation of a  
cho lesteric  liquid crystalline p h a se  is d u e  to  the  chiral na tu re  of 
PSLG.
3.2.1 Phase Boundary Studies
As show n in th e  theo ries  of O n sag e r an d  Flory, the  axial ratio 
is an  im portant indicator of the  potential of th e  polym er to 
develop  liquid crystalline order. S ince PSLG form s a -h e lices , the  
ratio ^  can  be  readily calcu lated  from th e  s ide  chain of th e  rep ea t
unit an d  the  d eg ree  of polym erization (DP). In a -h e lices , e ach  
pep tide  res id u e  tran s la tes  a  d is tan ce  h=1.5 A along th e  helix axis. 
H ence, for an  ideal a-helix, L=DP x h , in A ngstrom s. T he  appropria te  
va lue  for d is som ew hat am biguous. T he d iam eter of th e  helical core 
of th e  polypeptide backbone  chain  itself is approxim ately 6 A. The 
side  chain s of PSLG extend out radially from this co re  an d  mix with 
solvent m olecules. A lower limit for d m ay b e  calcu la ted  from the
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density  of the  solid polypeptide and  the  value for L. M olecular 
m odeling m ay a lso  give som e insight into e s tim ates  of d; how ever, a  
solvation layer should  a lso  be  considered44. It is ex p ec ted  that for 
PSLG a  correct value for d is 37 A
A ssum ing the  va lu es  for PSLG a re  37 A  for its d iam eter w hen 
it ad o p ts  an  a-helix  conform ation, and  the  length for e ac h  m onom er 
unit equal to 1 .5 A , th e  minimum d e g re e  of polym erization to  form 
liquid crystals according to the  O n sag e r theory  is 82, which 
co rresp o n d s to  a  m olecular weight of 31,000, for th e  a p p e a ra n c e  of 
the  biphasic-isotropic p h a se  boundary, ^ a . T he sam e  theory  
p redicts tha t for PSLG, a  m olecular w eight of a t leas t 42 ,000  (DP =
111) is required  to reach  the  b iphase-liquid crystal transition point, 
Flory’s  theory calls for a  d e g re e  of polym erization of 198, which 
co rresp o n d s to a  m olecular weight of m ore than  75,000, to form 
liquid crystals.
A ran g e  of concen tra tions of solutions of nearly  m o n o d isperse  
PSLG of m olecular w eights 239,000, 208 ,000  and  129,000 in THF 
w ere  stud ied  using polarizing optical m icroscopy. At sufficiently high 
concentra tions of polymer, all th e se  sam p les  form ed cho lesteric  
liquid crystals, a s  is ev idenced  by the  p re sen c e  of fingerprint pa tterns 
w hen observ ed  with an  optical m icroscope provided with cross
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polarizers (Fig. 3.4). T ab les  3.1, 3.2 and  3 .3 show  the  
characteris tics  of the  different PSLG sam p les  in THF a t different 
concen trations. For conversion  to volum e fractions, th e  specific 
volum e of PSLG w as tak en  a s  1.024 mL/g an d  the  density  of THF a s  
0 .889  g/mL. It is a ssu m ed  that the  specific volum e of PSLG  d o e s  not 
ch an g e  with concentration.
T ab le  3.1: PSLG of M w=239,000 (MW D=1.13) in THF a t 25°C
<|> % (v/v) 20.3 17.5 15.5 11.6
P h a se LC LC Bi-ph Iso
T ab le  3.2: PSLG of M w=208,000 (MW D=1.08) in THF a t 25°C
<t> % (v/v) 34.5 28 .4 23.9 19.2 16.5 13.8
P h a se LC LC LC LC Bi-ph Iso
T able  3.3: PSLG of Mw=129 ,000  (MW D=1.12) in THF a t 25°C
<|> % (v/v) 26.6 23 .9 21.0 18.3 14.1
P h a se LC Bi-ph Bi-ph Bi-ph Iso
LC: liquid crystalline ph ase ; Bi-ph: b iphase; Iso: isotropic p h a se
It is evident tha t the  critical concentration  for th e  different 
PSLG sam p les  varies with the  m olecular weight, th e  h igher the  
m olecular w eight the  lower the  critical concentration. W hen  view ed
Fig. 3.4: C holesteric  liquid crystal PSLG in THF a t 25.0°C  
(Mw= 239,000; MWD=1.13; <{>=20.3%)
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through a  m icroscope, the  isotropic p h a se  d o es  not allow light to 
p a s s  through th e  c ro ss  polarizers (black). Inside th e  b iphasic  region, 
the  co ex istence  of th e  isotropic and  the  anisotropic p h a s e s  is 
m anifested by th e  p re se n c e  of spheru lites p o sse ss in g  black m altase- 
c ro s se s  a s  show n in Fig. 3.5. T he spheru lites a re  su rrounded  by a  
dark  (isotropic) background.
An 11.6%  (v/v) solution of PSLG (M w=239,000) in THF is in 
the  isotropic p h ase . At 15.5% volum e fraction of the  sam e  polymer, 
the  isotropic p h a se  coex ists with th e  liquid crystalline p h ase . At 
concen tra tions of 17.5%  or higher, only th e  liquid crystalline p h a se  is 
p resen t. Therefore, the  ob serv ed  0 a for this m olecular weight 
polym er is 13.6±2.0% , and  0b  is 16.0±1.0% .
PSLG of M w=208,000 show s an  isotropic p h a se  a t 
concen tra tions of 13.8%  or lower. A solution with a  volum e fraction 
of 16.5%  of this polym er lies in th e  b iphasic  region. At a  
concentration  of 19.2%  the  solution is hom ogeneous, an d  the  
striation pattern  of th e  cho lesteric  liquid crystalline p h a se  can  b e  
o bserved  throughout the  en tire  solution. C onsequently , for PSLG of 
Mw=208,000, th e  v a lues for 0 a an d  0 b a re  15.2±1.4%  and  
17.9±1.4% , respectively.
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Fig. 3.5: Spherulites with m a lta se -c ro sse s  of PSLG in THF at 25.0°C  
(Mw= 129,000; MWD=1.12; <(>=21.0%)
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For PSLG of lower m olecular w eight (Mw=129,000) a t 25°C, 
th e  coex istence  of the  isotropic and  liquid crystalline p h a se s  is 
b roader. Both p h a se s  coexist a lready  a t 18.2%  volum e fraction and  
this b iphasic  region con tinues to be  p re sen t a t 23.9% . A solution 
with concentration  of 26.6%  displays a  uniform (iquid crystalline 
cho lesteric  p h ase . On the  o ther hand, volum e fractions of 14.1%  or 
below  show  only isotropic p h ase . As a  result, for PSLG of 
Mw=129,000, ^ a=16.2±2.1% an d  *}B=25.3±1.4% .
T able  3.4: C om parison of experim ental resu lts and  theoretical 
predictions for the  b iphasic  region (concen trations in v/v%)
Mw L/d Experim ental O n sag e r Flory
239 ,000 25.4 1 3 .6 -1 6 .0 1 3 .0 -1 7 .7 29 .0
208 ,000 22.1 1 5 .2 -1 7 .9 1 4 .9 -2 0 .4 32.9
129,000 13.5 1 6 .2 -2 5 .3 24 .4  - 33.3 50 .5
T able  3 .4  show s the  concentra tions calcu lated  for the  
b o undaries  of th e  b iphasic  region for the  different polym ers an d  the 
ca lcu la ted  va lu es  from the  O n sag er an d  Flory theories. It is c lear 
tha t th e  concen tra tions at which th e se  sam p les  p resen t the  
coex istence  of th e  two p h a se s  m ore closely correspond  to  th e  form er 
than  to the  latter theory. For exam ple, for PSLG of M w=239,000, w e
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o bserve  the  b iphasic region from 13.6%  to  16.0%  (v/v). T he 
O n sag er theory  predicts the  limits of th is region to be  13.0%  to 
17.7%, while the  Flory theory  calls for a  volum e fraction of 31.5%  for 
th e  b ip h ase  boundary. T he O n sag e r theory  p red ic ts  the  p re sen c e  of 
th e  b iphasic  region for PSLG of Mw=208,000, to  b e  betw een  14.9 - 
20.4% ; an d  the observed  region a p e a rs  within th o se  limits (15.2%  to 
17.9%). For PSLG of Mw=129,000, the  b iphasic  region is p resen t 
from 16.2%  to 25.3% , this region is b ro ad er than  th e  calcu lated  from 
the  O n sag e r theory, 24.4  - 33.3% . This b roadening  of the  biphasic 
region m ay b e  du e  to  end-to -end  aggregation  of th e  polym ers. 
A ggregation occurs m ore frequently in low m olecular polym ers. T he 
Flory theory requ ires a  volum e fraction of 50.5%  to  o bserve  the  
formation of the  b ip h ase  region for th is polymer.
3.2.2 E ffect o f  C o n c e n tra tio n  a n d  T e m p e ra tu re  o n  th e  P itch  
T he d is tan ce  betw een  striations, S, co rresp o n d s to half the 
pitch of the  cho lesteric  helix. It is usually u sed  a s  a  m easu re  of the 
twisting pow er of the  cho lesteric  su p e r helix. It is a lso  com m on to 
rep resen t this characteristic  a s  the  reciprocal of half the  value of the 
pitch (S '1). From stud ies  on poly(y-m ethyl-a,L-glutam ate), poly(y- 
e thykx.L-glutam ate) an d  poly(y-propyl-a.L-glutam ate), U em atsu  et 
al49 h ave  reported  that th e re  is a  tem peratu re  an d  concentration
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d e p en d e n c e  of th e  pitch, P. Keating50 p roposed  a  theory for the  
linear tem peratu re  d e p en d e n c e  of th e  pitch, given by:
w here  < <p > is th e  a v e rag e  twisting an g le  an d  is directly proportional 
to the  inverse of o n e  half th e  pitch (S '1), k is the  Boltzm ann constan t, 
a  is the  frequency  of the  excited tw isted m ode, /  is th e  m om ent of 
inertia of th e  m olecule, and  A is a  co n stan t derived from the  
anharm onic  equation  of motion. Fig. 3 .6  show s th e  d e p en d e n c e  of 
the  d is tan ce  betw een  striations with tem pera tu re  for a  sam ple  of 
PSLG (Mw= 208,000) in THF, 28.4%  (v/v). It is ap p a ren t that the
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Fig. 3.6: D istance betw een  striations vs. tem peratu re, PSLG liquid 
crystal solution (M w=208,000), 28.4%  (v/v) in THF
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inverse  of half th e  pitch of th e  cho lesteric  helix is directly proportional 
to the  tem pera tu re  (slope= -8.2 ± 0 .2 x 10"4 pm‘1/°C).
Increasing the  tem peratu re  in c rease s  th e  d is tan ce  betw een  
th e  striations. Therefore, th e re  is a  tem peratu re  a t which the  pitch 
beco m es infinity. This co rresp o n d s to the  ch an g e  from the  
cho lesteric  to  the  nem atic liquid crystalline p h ase . This tem peratu re  
can  be  ob tained  from the  g raph  by extrapolating S —oo. T he 
tem pera tu re  ob tained  is T=62.4°C.
T here  is a lso  a  d e p en d e n c e  of the  inverse  of half th e  d is tan ce  
of th e  cho lesteric  pitch with th e  concentration  of th e  cho lesteric  liquid 
crystalline solution. However, this d ep en d en ce  is not linear, and  
varies with tem perature. It h a s  b een  sp ecu la ted  th a t th e  relationship  
is
S '1 oc c"
w here  th e  exponent, n, is a  function of tem peratu re  an d  lies norm ally 
in be tw een  o n e  and  two49.
For PSLG of m olecular w eight 208 ,000  different concentration  
solutions in THF w ere  m easu red  a t 25°C. As d escribed  previously, 
a t concen tra tions h igher than  19.2% , solutions of th is polym er show  
uniform cho lesteric  liquid crystalline p h a se s . T h ere  is a  c lea r 
d e c re a se  in th e  pitch of th e  liquid crystalline pattern  a s  the  
concentration  in c reases  (for solutions m ore co n cen tra ted  than  the
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in terface boundary). Fig. 3 .7  show s a  plot of log(S_1) vs. Iog{volume 
fraction). T he value for the  slope calcu lated  from th e  plotted d a ta  is
1.04 ± 0 .1 0  for 25°C.
-1.50-
-1.55-
-1.60-
I
J . -1.65-
t
-1.75-
-1.80
1.551.25 1.30 1.35 1.40 1.45 1.50
logft)
Fig. 3.7: D istance betw een striations vs. concentration, 
PSLG (Mw=208,000) in THF a t 25°C
3.3 EXPERIMENTAL
An Olym pus BH optical m icroscope with c ro ss  polarizers 
equ ipped  with a  35  mm cam era  w as used , the  objective utilized w as 
10X. T he tem pera tu re  control system  u sed  w as a  M ettler F P 82  Hot 
S tage . T he m agnification w as ob tained  directly by photographing a  
m icrom eter s c a le  (100 x 0 .05  = 5 .0 mm).
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P rocedure . PSLG of m olecular w eights 239,000, 208 ,000  and
129.000 daltons, with MWD of 1.13, 1.08 and  1.12 respectively, 
syn th esized  a s  d escribed  in ch ap te r 2 w ere  u sed  for th e se  stud ies. 
R eag en t g rad e  THF w as distilled over calcium  hydride an d  kept 
u n d er Argon and  4A -m olecular s ieves. M icroslides from Vitro 
D ynam ics Inc. with a  pa th  length I.D. of 0 .6  mm an d  a  width I.D. of
6 .0  mm w ere  u sed . T he cells w ere  flam e sea le d  on o n e  end , then  
filled with a  known am ount of solid polym er (usually in the  ran g e  of 5 
to 10 mg, depend ing  on the  desired  solution concentration) followed 
by the  n e e d e d  am ount of THF. T he cell is then  centrifuged an d  th e  
open  e n d  is flam e sea le d  rapidly. T he concen tra tion  of the  solution 
is obtained  gravimetrically. For conversion to  volum e fractions, th e  
value of th e  specific volum e of PSLG w as tak en  a s  1.024 cm 3/g and  
th e  density  of THF a s  0 .889  g/cm 3.
At room tem peratu re, the  solutions w ere visually clear, an d  on 
the  polarizing m icroscope th e  high concentration  sam p les  show ed 
th e  typical striation pattern  produced  w hen cho lesteric  liquid crystals 
a re  p resen t.
CHAPTER 4 
MODIFICATION AND CROSSLINKING OF PBLG
8 6
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4.1 INTRODUCTION
Polym er chains that a re  connec ted  to g e th er form a  crosslinked  or 
netw ork polymer. T he polym er chains can  b e  chem ically crosslinked  by 
m ean s  of covalen t bonds (creating w hat is known a s  therm osets) while 
o thers  can  be  linked physically by w eak in term olecular interactions su ch  a s  
hydrogen bonds, ionic interactions o r van d e r W aals  forces. T he term  gel is 
com m only u sed  to  refer to  a  network polym er swollen in a  liquid medium. 
However, th e re  a re  som e am biguous definitions for gels, like a  system  with 
no fluidity (failure of a n  air bubble to ra ise  in it), or a  system  with infinite 
viscosity. T h e se  netw orks do not dissolve, they  a re  just sw elled by th e  
solvent. T he polym er network re ta ins the  solvent, an d  a t the  sam e  tim e the  
so lvent p reven ts  the  netw ork from collapsing. T he am ount of swelling of 
the  polym er d e p en d s  on  the  density  of crosslinking; high num ber of 
crosslinks accoun t for little swelling. Few  crosslinks in a  polym er network 
usually  co rre la tes  with rubber-like properties, while a  high density  of 
crosslinks im parts m ore rigidity to  the  system  (the extrem e exam ple is 
diam ond).
This insolubility of ge ls  m akes crosslinking reactions com m ercially 
important, s ince  crosslinked p lastics a re  very s tab le  a t e lev a ted  
tem p era tu res  and  u n d er physical s tress . Normally, th e se  crosslinked 
sy stem s do  not flow w hen h ea ted  an d  do not ch an g e  their d im ensions
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drastically over a  variety of conditions m aking them  very useful for structural 
applications.
4.2 REACTION ON THE SIDE CHAINS OF PBLG
T he p re sen c e  of the  e s te r  linkage in th e  side  chain  of PALGs 
provides a  site  for the  binding of different m oieties to  the  rigid rod polymer. 
This reactive  site  is the  com m on target for usual chem ical m odifications of 
th e se  polym ers. And since  th e  e s te r  group is not part of the  helical 
backbone, generally , th e se  reactions do not d isrupt th e  conform ation and  
therefore, the  rigidity of the  polymer, u n le ss  the  group a tta ch ed  in teracts 
with the  intram olecular hydrogen bonds in th e  helix. T hree  ty p es  of 
reactions a re  com m only perform ed a t this particular functional group, 
conversion  of PALGs to poly(a-glutam ic acid), conversion  to  poly(y- 
glutam ine) derivatives by am idation, and  e s te r  in terchange reactions.
T h e se  m odifications a re  usually perform ed w hen th e re  a re  problem s with 
th e  p reparation  of the  ta rg e ted  polym ers directly from th e  corresponding  
NCA m onom er. In som e c a s e s  it is difficult to  p rep a re  th e  required  y -ester 
of glutam ic acid, or the  syn thesis  of the  NCA m onom er is unfavorable 
b e c a u se  of s ide  reactions.
In m any c a se s , ev en  though th e  chem ical modification of the  s ide  
ch a in s  is th e  only w ay to  obtain certain  polym ers, problem s su ch  a s  
incom plete reactions o r by-product form ation a re  very com m on, an d  do not
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perm it a  com plete transform ation of the  polymer. In su ch  c a se s , the  
p roducts usually  have  impurities bound to th e  polym er chain  (producing a  
copolym er instead  of a  hom opolym er) that cannot be  elim inated by normal 
purification techn iques. In o ther c a se s , s ide  reactions tha t resu lt in 
c leav ag e  of th e  peptide  bond in the  polym er backbone resu lt in a  d e c re a se  
in th e  m olecular w eight of the  polymer, an d  ch an g e  in its m olecular weight 
distribution.
Amidation of PALGs an d  poly(glutamic acid e s te rs ) h av e  b e en  
reported  previously13 by reacting the  polym er with am m onia o r an  
appropria te  am ine. O ne application of th e se  am idation reactio n s  is th e  
form ation of w ater soluble polym ers or copolym ers d u e  to  th e  p re sen c e  of 
glutamyl re s id u es  w hen am ino alcohols a re  reacted . T h e se  m odifications 
a lso  h av e  an  effect on the  dyeability of fibers of PMLG am ong o ther 
properties. However, in th is particular c ase , one  com plication th a t is not 
uncom m on is th e  occurrence  of som e transam idation  of th e  peptide bonds 
in the  polym er backbone originating a  reduction in the  m olecular w eight of 
the  product.
It is a  com m on practice in organic chem istry to c leav e  m olecular alkyl 
carboxylic e s te rs  under acidic or b asic  conditions. Som e p ro ced u res  allow 
c leav ag e  to  occur u n d er neutral conditions but they  usually  require the  u se  
of strong nucleophiles and  high tem p era tu res  to effect dealkylation. It h a s  
b e en  reported  th a t th e se  reaction  conditions a lso  reac t with the  peptide
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bon d s in th e  b ackbone  of the  PALGs consequen tly  lowering its m olecular 
weight51.
T ransesterification  reactions on the  s id e  chain s of PALGs a re  usually 
carried out in d ioxane or a  chlorinated hydrocarbon with th e  d esired  alcohol 
in the  p re sen c e  of a  strong acid  catalyst, su ch  a s  p~toluene sulfonic acid. 
T he reactions usually require high tem p era tu res  an d  usually  p ro ceed  to 
m ore than  80%  conversion; how ever, the  transesterification  is n ev er totally 
com plete, and  th e re  a re  alw ays som e residual g roups from the  original 
polymer27.
A different app ro ach  for the  dealkylation or debenzylation  of 
carboxylic e s te rs  involves the  reaction of trimethylsilyl iodide with th e  este r.
It h a s  b e en  previously reported52'56 tha t th is is an  extrem ely efficient 
alternative, an d  th e  reaction occurs under very mild conditions. T he 
reaction p ro ceed s  in essen tially  quantitative yields under neutral conditions. 
Trimethylsilyl iodide c leav es  th e  carboxylic e s te r  to p roduce  the  
corresponding  alkyl iodide an d  a  reactive trimethylsilyl carboxylate. T he 
reaction conditions d ep en d  on the  e s te r  tha t is b een  cleaved; benzyl e s te rs  
a re  on e  of the  m ost reactive54'56. S u b seq u en t trea tm ent of th e  silyl e s te r  
with a n  alcohol p ro d u ces  a  transesterification (Fig. 4.1), a  reaction  with an  
am ine form s an  am ide a s  th e  product. T he so lvent choice is. important, and  
trimethylsilyl iodide is usually u sed  in chlorinated  hydrocarbons, su ch  a s  
carbon  te trachloride o r chloroform. Trimethylsilyl iodide reac ts  with THF.
91
R.Yo
O— R'
+  CHi— Si— I
/  J
R . . 0 — Si— CH3 +  R' 1
o
Fig. 4.1: R eaction of a n  e s te r  with trimethylsilyl iodide
O ur effort h a s  b een  d irected  tow ards th e  application of th is 
p rocedure  u se d  for small organic m olecules to  polym ers containing the  
sa m e  functional groups in th e  p endan t chain. This m ethodology activates 
the  e s te r  linkages in the  side  chain of poly(glutam ic acid  e s te rs )  in a  very 
controlled m anner, an d  a t th e  sam e  tim e under mild conditions. For th e se  
s tu d ies  PBLG w as ch o sen  b e c a u se  th e  benzyl group form s benzyl iodide 
readily after addition of trimethylsilyl iodide, permitting a  very controlled 
activation of th e  s ite s  in th e  polym er u n d er neutral conditions an d  a t room 
tem peratu re . T h e se  active s ite s  c an  reac t la ter with m olecules tha t have 
reactive  functional g roups an d  which can  becom e a ttach ed  to the  polym er
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replacing the  benzyl group. M olecules tha t have  am ino and  isocyanate  
functional g roups have  b een  successfully  bonded  to  th e  polym er a t th e  
activated  sites.
This ch ap te r d esc rib es  the  reaction of trimethylsilyl iodide with 
carboxylic e ste rs . T he first part accoun ts  for c leav ag e  of small e s te rs  a s  a  
m odel reaction. Later in the  chapter, the  description of reactions a t the  side  
chains of PBLG a re  reported, and  using the  sam e  m ethodology, the  
crosslinking of PBLG is explained.
4.2,1 Cleavage of Small Esters with Trimethylsilyl Iodide
A s a  model reaction, two small e s te rs  w ere te s ted  in their reactivity 
with trimethylsilyl iodide, benzyl a c e ta te  an d  methyl b en zoa te . A difference 
in reactivity is observed , benzyl a ce ta te  re a c ts  fa s te r th an  methyl benzoate . 
This is in ag reem en t with reported  resu lts tha t s ta te  th e  good leaving nature  
of th e  benzyl group. T he reaction of benzyl a ce ta te  an d  trimethylsilyl iodide 
p ro d u ces  trimethylsilyl a c e ta te  and  benzyl iodide (Fig. 4.2). T he c leav ag e  
of th e  e s te r  group is distinctly followed by 1H-NMR spectroscopy . T he 
d isap p ea ran ce  of the  benzylic hydrogens of the  e s te r  (5 -  5 .0  ppm) and  the 
a p p ea ra n ce  of th e  benzylic hydrogens of benzyl iodide, which a p p e a r  at 5 -
4 .5  ppm, prove th e  c leav ag e  of th e  e s te r  (Fig. 4.3).
Trimethylsilyl a ce ta te  reac ts  with am ines and  iso cy an a tes  a t room 
tem peratu re. Addition of benzyl am ine to th e  trimethylsilyl a ce ta te  produced 
N-benzyl acetam ide. R eaction in chloroform of phenyl iso cy an a te  with
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Fig. 4.2: R eaction of benzyl a ce ta te  with trimethylsilyl iodide
trimethylsilyl a c e ta te  form ed N-phenyl acetam ide. T he reaction of a  
trimethylsilyl carboxylate e s te r  with iso cy an a tes  h a s  not b een  reported  
previously.
4.2.2 Activation of PBLG Side Chains
PBLG w as u sed  to te s t the  formation of th e  silyl e s te r  derivatives in 
polym ers. T he reaction  of PBLG with a  small am ount of trimethylsilyl iodide 
p roduces a  partially silylated derivative of PBLG an d  benzyl iodide (Fig. 
4.4). Similarly to  the  small e s te r  m olecules, this reaction can  a lso  b e  
followed by 1H-NMR spectroscopy. The broad  p eak  of benzylic hydrogens 
in the  polym er a p p e a rs  a t 5 -  5.0 ppm and  shifts to  a  narrow  p eak  a t 6 -  4 .5  
ppm o n ce  benzyl iodide h a s  b een  form ed (Fig. 4.5). This reaction is 
perform ed a lso  a t room tem perature. Trimethylsilyl iodide is ad d ed  in the  
d esired  am ount, usually  corresponding  to 10 to 20  m ole%  with re sp ec t to 
th e  m onom er units of PBLG.
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Fig. 4.3: ’H-NMR of reaction of benzyl a ce ta te  with trimethylsilyl iodide in CDCb
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Fig. 4.4: Activation of th e  s id e  ch a in s  of PBLG with trimethylsilyl iodide
4.2.3 Reaction of Activated PBLG with n-Butyl Isocyanate
At th is point, a  portion of th e  s id e  chains in PBLG h av e  b e e n  c leaved  
and, th e  reac ted  PBLG h a s  so m e  active  s ite s  (trimethylsilyl e ste rs). n-Butyl 
isocyana te  reac ts  with th e  partially silylated PBLG a t  th e  active s ite s , at 
room tem peratu re, to p roduce  n-butyl am ides in th e s e  s id e  ch a in s  (Fig. 4.6). 
After the  reaction  is com plete, th e  polym er is recovered  from th e  solution by 
precipitation in m ethanol and  th e  p re se n c e  of th e  n-butyl hydrocarbon chain  
is ev iden t in its ’H-NMR spectrum  (Fig. 4.7).
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Fig. 4 .5 :1H-NMR of PBLG an d  PBLG reac ted  with trimethylsilyl iodide,
in CDCI3
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Fig. 4.6: R eaction  of n-butyl isocyanate  with th e  partially silylated PBLG
4.3 CROSSLINKING OF PBLG
Usually, crosslinked  ge ls  of synthetic  polym ers a re  isotropic and  
show  no m icroscopic an d  m acroscopic order. And correspondingly , the  
m echanical a n d  optical properties of th e se  g e ls  a re  a lso  isotropic.
However, during th e  last years, m any re sea rc h  efforts h av e  b e e n  d irected  to 
study th e  potential to stabilize m esom orphic s tru c tu res  of polym ers in the  
solid s ta te  (and  th e  accom panying physical p roperties  of th e s e  m aterials). 
T he re ten tion  of o rdered  structu res in th e  solid s ta te  offers im m ense 
possibilities in m aterials for non linear optical an d  e lec tron ic  dev ices. This 
is b e c a u se  th e  an iso tropy of th e  polym er (m icroscopic) is tran s la ted  into a
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Fig. 4 .7 :1H-NMR of PBLG reacted  with n-butyl isocyanate, in CDCI3
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is b e c a u se  th e  anisotropy of the  polym er (m icroscopic) is tran sla ted  into a  
an iso tropy of the  gel (m acroscopic) conferring th e  gel m aterial with unusual 
properties. Such  an  anisotropic gel p o s s e s s e s  asym m etric  swelling 
p roperties  or asym m etric re sp o n se  to  ex ternal stimuli, like tem peratu re, pH, 
solvent interaction, etc. Furtherm ore, th e  u s e  of th e se  o rgan ized  m aterials 
in the  form ation of com posites with o th e r random  polym ers or a s  part of 
in terpenetrating  polym er netw orks (IPNs) is very prom ising. Control of the  
density  of the  crosslinks an d  the  d is tan ce  be tw een  th e  rigid polym er chain s 
in a  netw ork is prom ising for sep ara tio n  techn iques; very specific filtration 
m em branes can  b e  tailored in this fashion.
T h e  first a ttem pts to  retain  specific m esom orphic s truc tu res in 
polym ers s ta rted  in the  19 30s with th e  quench ing  of som e therm otropic 
p h a se s  to  low tem p era tu res  to  form a  brittle g la ssy  s ta te  in which the  liquid 
crystalline struc tu re  p e rs is ted 44. In the  c a s e  of lyotropic liquid crystals, 
similar re su lts  could b e  obtained  by tech n iq u es  su ch  a s  freeze-drying or 
simply by slow evaporation  of th e  solvent. However, th e se  m ethodologies 
do  not p roduce  crosslinked  netw orks, th e  m esom orphic s ta te , a lthough 
transferred  in th e  solid sta te , is only m om entarily m aintained, increasing  the  
tem p era tu re  n e a r  th e  melting point of th e  polym er o r th e  addition of solvent 
destroys th e  order. A truly perm anen t o rd ered  s ta te  tha t rem ains un d er a  
variety of different conditions requ ires th e  bonding of th e  polym er chains 
chem ically while they  a re  in an  o rd ered  s ta te .
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Immobilization of the  cho lesteric  liquid crystalline structure of PBLG 
h a s  b e en  a ttem pted  by y-irradiation of a  dry film of PBLG or a  film of mixture 
of PBLG and  a  plasticizer57. A mixture of PBLG an d  polyethylene glycol in 
dim ethylform am ide c a s t to form a  film p o s s e s s e s  cho lesteric  liquid 
crystalline order. In th is c a s e  the  cho lesteric  liquid crystalline o rder is 
stabilized not by covalent bonds, but by hydrogen bond networks. In 
an o th er report58, the  cho lesteric  liquid crystalline structure  of a  concen tra ted  
polypeptide solution is stabilized by using a  vinyl m onom er a s  a  so lven t an d  
then  immobilize it by polymerizing the  vinyl m onom er in th e  p re se n c e  of a  
small am ount of divinyl m onom er a s  a  crosslinker. N onetheless, in all th e se  
s tu d ies  th e re  is no formation of a  gel tha t p o s s e s s e s  the  cho lesteric  order, 
an d  th e re  a re  no  covalent crosslinks betw een  the  rigid polym er chains.
Kishi e t al58 h ave  reported  th e  fixation of PBLG in the  lyotropic liquid 
crystalline s ta te  using diam ines a s  crosslinking reag en ts , in one  of the 
crosslinking reactions, th e  co ncen tra ted  polym er solution w as mixed with 
th e  corresponding  diam ine an d  kept a t 25°C for 10 d ay s  to  develop  the 
cho lesteric  liquid crystalline order. O nce th e  liquid crystal solution w as 
form ed, the  sam ple  w as h ea ted  to  70°C in a  sea le d  g la ss  cell for 10 m ore 
d ay s  to sp e e d  th e  crosslinking reaction. T he gel p roduced  re ta ined  the  
high o rdered  s ta te  a s  th e  original solution.
Aviram59 and  Kishi e t al60 have  a lso  reported  the  crosslinking of a  
concen tra ted  solution of PBLG in d ioxane using triethylenetetram ine and
101
d iethylene glycol bis(3-:.aminopropyl) e th er a s  th e  crosslinking reag en ts .
T he crosslinking reaction w as  perform ed u n d er the  influence of an  external 
m agnetic  field to p rep are  polym er g e ls  with nem atic  liquid crystalline order. 
T he reaction w as carried  out a t 55-70°C for 7-10  d ays u n d er a  m agnetic  
field of 21 kG perpendicu lar to  the  g la ss  cell. In th e  nem atic  liquid crystal 
s ta te  th e  polypeptide he lices a re  known to  be o rien ted  in the  direction of the  
m agnetic  field. T h ese  au thors a lso  reported  th e  loss of the  anisotropy in 
th e  gel w hen d issolved in a  non-helicogenic solvent, but its recovery  w hen 
th e  so lvent w as ch an g ed  back  to the  original one.
4.3.1 PBLG Isotropic Gels
T he m ethodology u sed  to reac t the  s id e  chain s of PBLG with 
trimethylsilyl iodide under mild conditions d esc rib ed  earlier in this ch ap te r is 
a lso  effective to  p roduce covalent crosslinks betw een  polym er chains w hen 
th e  reag en t tha t reac ts  with the  activated  s ite s  is difunctional. O nce more, 
th e  reaction  occurs under neutral conditions a t room tem perature. T he 
activated  polym er ch a in s  (trimethylsilyl carboxylate e s te rs )  w ere trea ted  
with a  crosslinker m olecule with isocyanate  g roups a t both ends.
Dilute solutions of PBLG in chloroform (betw een  0 .5  an d  2 .5  % in 
w eight) activated  with trimethylsilyl iodide p roduced  tran sp a ren t g e ls  w hen 
1 ,6-diisocyanato  h ex an e  w as ad d ed  a s  the  crosslinker (Fig. 4.8). T he 
am ount of activated  s ite s  (trim ethylcarboxylate e s te rs )  in the  polym er 
co rresp o n d s to  10 to 20  m ole % (with resp ec t to  the  m onom er unit
ojD <CH3>jSL
O SKCHih
© s -  o
sN=C=0
Fig. 4.8: S chem e of the  crosslinking of activated  PBLG with 
1,6-diisocyanato  h ex an e
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concentration). O ne  half of tha t num ber of m oles of the  crosslinking 
reag en t w as  a d d ed  to form the  gel. T he gelation tak es  from 4  to  7 d ay s  a t 
room tem peratu re, depending  on the  concentration  of th e  polym er solution 
and  th e  am ount of activated sites.
C rosslinked netw orks w ere  a lso  ob tained  using a  copolym er of 
benzyl an d  stearyl glutam ates, 30:70 ratio of benzyl to  stearyl units (its 
sy n thesis  is d escribed  in ch ap te r 2). T he be tte r solubility of poly(y-benzyl- 
a,L-glutam ate)-co-poly(y-stearyl-a,L -glutam ate) allows a  higher 
concentration  of the  polym er in chloroform, m aking the  crosslinking reaction 
e a s ie r  to  de tec t. T he reaction  conditions a re  the  sam e  for the  crosslinking 
of PBLG. However, in this c ase , th e  gel form ation tak es  a  longer time, 
som e reactions requiring a s  long a s  22 days. This could be  explained by 
steric  fac to rs  introduced by the  long paraffinic stearyl chains.
T he  form ation of a  microgel of PBLG and  a  copolym er of PSLG an d  
PBLG h a s  b een  followed by light scattering  techn iques. Dynamic light 
scattering  is a  powerful tool to m easu re  th e  motion of particles. W hen  light 
is sca tte red  by particles in a  solution, th e re  is a  fluctuation of the  intensity of 
the  sca tte red  light with time. This fluctuation, which is produced  by the  
in terference of the  sca tte red  light from different points in the  m easu red  
volum e, is therefore, d ep en d en t on the  velocity a t which the  partic les m ove 
in th e  solution. T h ese  fluctuations a re  not random  however, th e re  is a
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correlation be tw een  them  a t appropria te  time sca le s . From th e se  
fluctuations, a  correlation function, is obtained:
g® (x)= 1  + f lg (1)(x)l2 
w here  g (1)(x) = e 'rt ; r  = q2D an d  q = (4jin/Xo) sin(0/2); x is the  correlation 
time, f is an  instrum ental param eter (0 < f < 1), D is th e  m utual diffusion 
coefficient, Xo is the  vacuum  w avelength of the  laser, n is th e  refractive 
index of the  solution, an d  0 Is the  scattering  angle. From cum ulant 
an aly sis61,62 of th e  raw d a ta  obtained  a t different s ta g e s  of the  crosslinking 
p ro cess , th e  variation in the  decay  ra te  r  an d  the  hydrodynam ic rad ius of 
th e  netw ork c an  b e  observed . T he resu lts show  a  d e c re a se  of th e  decay  
ra te  (which tran s la tes  into a  d e c re a se  of the  diffusion coefficient or increase  
in th e  hydrodynam ic radius) a s  the  gelation p ro g resses . Figs. 4 .9  an d  4 .10  
show  th e  ch an g e  in the  ap p aren t diffusion coefficient and  the  hydrodynam ic 
rad ius a s  a  function of time for the  crosslinking of PBLG an d  th e  copolym er, 
respectively. Fig. 4.11 show s th e  ch an g e  in the  distribution of th e  ap p aren t 
diffusion coefficient of th e  growing new ork a s  a  function of tim e for PBLG 
an d  th e  copolym er, respectively. In th e se  graphs, th e  distribution shifts to 
the  left (lower ap p aren t diffusion coefficient) a s  th e  network in c rease s  in 
size , which is equivalent to a  ch an g e  in s ize  distribution tow ards larger 
particles. From th e se  d a ta  collected from dynam ic light scattering  it is 
ev iden t tha t crosslinking reactions a re  taking place. A
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limitation of th e  extent Qf network s ize  produced  in this experim ent is the  
high dilution of the  polym er concentration. A relatively low concentration  is 
required  to filter the  sam ple  before crosslinking to  rem ove any  d u st particles 
prior to  m easu rem en ts  by light scattering. This low concen tra tion  limits the  
s ize  of th e  netw orks produced, however, m icrogelation is ap p aren t.
Fractal geom etry  provides a  quantitative descrip tion of com plex 
structu res. A fractal is an  object tha t is self-sim ilar an d  p o s s e s s e s  no 
intrinsic length sc a le  (it is sca le  invariant to an  isotropic ch an g e  of length 
sca le ). An intuitive ap p ro ach  to charac te rize  quantitatively a  fractal is to 
o b serv e  th e  ch an g e  of a  physical property with its size. For exam ple, the  
ch an g e  of th e  m ass, M, with the  rad ius of the  object, R, a re  re la ted  by
M ~ R Dr
w here  th e  exponent Df, the  fractal dim ension, ch arac te rizes  th e  long-range 
dilation symmetry.
T he concep t of fractal s truc tu res can  be  applied  to s tu d ie s  of the  
aggregation  of particles to  form larger clusters. W eitz e t al6^ 65 h ave  studied  
th e  aggregation  reg im es of colloids, and  h av e  found two distinct regim es. 
O ne  reg im e of c luster aggregation  is diffusion-limited, in which c lu sters  
ag g re g a te  immediately upon con tact with e a c h  other. In this c a se , the  
aggregation  kinetics a re  determ ined  by th e  diffusion of the  c lusters. T he 
seco n d  regim e, called  reaction-lim ited aggregation , is slow er th an  the  first 
an d  is charac te rized  by an  exponential growth of the  ag g reg a te s .
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Fractal d im ensions can  be ob tained  from the  s lo p es  of logarithmic 
plots of agg regation  ra te  with colloid concentration, m a ss  vs. s ize  of the  
clusters, o r rad ius of th e  c lu ster vs. reaction  time. T he fractal d im ension is 
th e  inverse  of th e  s lope  of th e se  plots. W eitz e t al have  found tha t a  fractal 
dim ension of ~1 .75  co rresponds to  diffusion-limited c luster aggregation  
while a  fractal dim ension of -2 .0  co rresp o n d s to a  slow er reaction-lim ited 
aggregation  p rocess .
Sim ilar fractal analysis  of th e  crosslinking of poly(BLG)-co-poly(SLG) 
resu lts  in plots p re sen te d  in Fig. 4 .12. Fig. 4.12-A  show s a  logarithm ic plot 
of the  growth of th e  hydrodynam ic rad ius a s  the  crosslinking reaction 
p ro g resse s . Even though th e  d a ta  p re sen ts  a  linear behavior, th e  linear fit 
p rod u ces  a  s lope  of 1.82638±0.14314, corresponding  to a  fractal dim ension 
of 0 .5475, which h a s  no  physical significance. On th e  o th er side, the  sem i­
log plot (Fig. 4.12-B) show s an  exponential growth of th e  gel (slope=
0.0028±0.00013), sim ilar to resu lts  ob ta ined  by W eitz e t65 al for reaction- 
limited c lu ster aggregation .
4 .3 .2  PBLG L iquid  C ry s ta l G e ls
T he g e ls  ob tained  in the  previous section  a re  com posed  of rigid rod 
polym ers co n n ec ted  covalently. Even though the  rod polym ers a re  
anisotropic, s in ce  there  is no m acroscopic  o rder am ong th e  rods, th e  gel is 
isotropic (Fig. 4.13-A). To produce an  anisotropic gel the  rods m ust be
R/
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ordered , an d  the  crosslinking reaction h a s  to  occur a fter alignm ent is 
ach ieved  (Fig. 4 .1 3-B). O ne w ay to  accom plish this is to  apply  an  external 
electric field to the  polym er solution to c rea te  a  nem atic  liquid crystal p h a se  
prior to  th e  gelation. In th is fash ion  th e  h ighest po ssib le  induced  anisotropy 
of the  netw ork may be  obtained. This p ro ce ss  of aligning th e  polym er 
ch a in s  u n d er an  external field is often called poling.
B
Fig. 4.13: (A) Isotropic network of rod-like polym ers, an d
(B) Anisotropic network of rod-like polym ers
For this p rocedure  the  se tu p  show n in Fig. 4 .14  w as u sed . It 
co n sis ted  of two one-sided  indium-tin oxide (ITO) co a ted  g la sse s  
(conductive fa c es  in the  inside, in con tac t with the  sam ple) co n n ec ted  to a  
pow er source. In a  prelim inary te s t of the  e ffectiveness of the  setup , a  
solution of PSLG (Mw= 208,000; MWD=1.08) in THF (20%  v/v) w as  p laced  
betw een  th e  e lec trodes. Upon observation  u n d er th e  m icroscope with c ross 
po larizers th e  expec ted  cho lesteric  liquid crystal pa tte rn  is evident. O nce 
the  electric field is co n nec ted  to  the  e lec trodes, th e  patte rn  v an ish es  very
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rapidly show ing the  destruction of th e  cho lesteric  superstructu re . This 
effect is du e  to the  orientation of the  polym er ch a in s  with the  electric  field.
For th e  crosslinking of PBLG under th e  effect of the  electric field, a  
chloroform ic solution of th e  activated  PBLG mixed with th e  crosslinker (1,6- 
d iisocyanatohexane) is injected in betw een  the  conductive g la s s e s  an d  
inside the  O-ring. After the  interior of the  O-ring is filled and  no a ir bubbles 
a re  p resen t, the  p la tes  a re  held in p lace  by clam ps an d  a n  electric field of 
40  V is applied. T he reaction mixture is allow ed to  react for 7  d ays a t room 
tem perature, a fter which a  gel is obtained. T he gel is insoluble in 
chloroform an d  re ta in s its sh ap e . W hen  view ed through a n  optical 
m icroscope provided with c ro ss  polarizers, th e  gel transm its light and  
a p p e a rs  to show  th e  p re sen c e  of the  liquid crystalline ph ase .
SAMPLE
VOLTAGE
ITO g la ss
Fig. 4.14: Setup  for crosslinking under electric field
4.4 EXPERIMENTAL
Trimethylsilyl iodide w as p u rch ased  from Aldrich, it n e e d s  to  b e  
s to red  u n d e r anhydrous conditions in th e  freezer. It w as  handled  under N2
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or Ar a tm osphere . T he crosslinking reagen t, 1,6-d iisocyanatohexane, w as 
a lso  p u rch ased  from Aldrich, a lso  required anhydrous conditions. T he  
so lven t u sed  in all the  reactions is dry d eu tera ted  chloroform, a lso  from 
Aldrioh. All the  following reactions w ere  carried out a t room tem peratu re  
and  neutral conditions. To produce  an  electric  field a  Hewlett Packard ,
6 5 1 5A DC pow er supply unit w as  co n nec ted  to  the  cell d escribed  in the  
previous section. 1H-NMR sp ec tra  w as reco rded  on an  IBM B ruker200  MHz 
or 25 0  MHz instrum ent. Form ation of liquid c rysta ls  w as d e tec ted  by a  
polarizing optical m icroscope.
Dynamic Light Scattering. S am ples for dynam ic light scattering  stud ies 
w ere  reaction m ixtures of 1-2% concentration  in chloroform of the  activated- 
PBLG. T h e  solutions w ere filtered through 0 .2 pm PTFE filters (from 
W hatm an) into d u s t free  g la ss  cells. T he dynam ic light scattering  d a ta  w as 
co llected  a t 25°C, a t  an  ang le  of 90°. T he a p p a ra tu s  co n sisted  of a  He-Ne 
la se r (A= 6328  A), and  a  photomultiplier detector. T he d a ta  is collected an d  
analyzed  by an  ALV-5000 digital au tocorrelator softw are.
S yn thesis of Trimethvlsilvl A cetate  an d  Trimethvlsilvl B enzoate. 100 pL 
(0 .69 mmol) of benzyl a c e ta te  w ere d issolved in 2  mL of chloroform. 90  pL 
(0.63 mmol) of trimethylsilyl iodide w ere ad d ed  a t room  tem peratu re  
(~25°C). T he reaction w as followed by 1H-NMR (formation of benzyl
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iodide). After 10 hours, the  reaction w as com pleted , an d  th e  p re se n c e  of 
trimethylsilyl a c e ta te  w as confirm ed by GC-MS.
Methyl b en zo a te  (100 pL, 0 .80 mmol) w as  reac ted  with trimethylsilyl 
iodide (1 10pL, 0.77 mmol) in chloroform a t room tem peratu re . T h ere  w as 
still som e un reac ted  methyl b en zo a te  after 24  h ou rs of reaction. T he 
form ation of trimethylsilyl b en zo a te  is a lso  followed by ’H-NMR (methyl 
iodide formation), an d  confirm ed by GC-MS.
S yn thesis  of A cetanilide via Trimethvlsilvl A ceta te  an d  Phenvl Isocyanate. 
T he reaction  of trimethylsilyl a ce ta te  with phenyl isocyana te  occurs in 4  
hours. Phenyl isocyanate  (65 pL, 0 .60 mmol) w as  ad d ed  to  the  reaction  
mixture of benzyl a c e ta te  and  trimethylsilyl iodide d escribed  above.
C rystals of ace tan ilide  (n-phenyl ace tam ide) w ere  obtained. T he product 
w as  identified by IR (KBr, cm '1: 3328, N-H stretching; 1650, C = 0  am ide I 
band; 1595 and  1556, N-H bending am ide II band; 754 an d  698, out of 
p lan e  N-H w agging) an d  ^ -N M R  (DMSO, 5 in ppm: 2.15, s, CH3; 7-7.6, m, 
arom atic  ring; 8.5, s, NH) spectroscopy.
S yn th esis  of Activated-PBLG. W hen trimethylsilyl iodide reac ts  with the 
s id e  ch a in s  of PBLG it form s a n  activated-PBLG . T he  activation of th e  e s te r  
g roups to  trimethylsilyl carboxylate e s te rs  w as com pleted in 24 hours. T he 
reaction  w as  carried  out a lso  in chloroform an d  a t room tem peratu re .
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In a  typical reaction, 0 .030  g of PBLG w ere  allow ed to d isso lve in 1.5 
mL of chloroform overnight. 2.0pL of trimethylsilyl iodide w ere  a d d ed  at 
once; the  am ount corresponding  to  10 moie% of the  m onom er units. T he 
mixture reac ted  for 24  hours. T he form ation of benzyl iodide w as followed 
by 1H-NMR.
R eaction  of Activated-PBLG with /7-Butvl Isocyanate. n-Butyl isocyanate  
w as ad d ed  to  th e  activated-PBLG  obtained  previously. T he am ount of n- 
butyl iso cy an a te  co rresp o n d ed  to th e  num ber of activated  sites. The 
reaction  of activated-PBLG  with n-butyl isocyanate  is com pleted  in 2  d ays 
(no further ch an g e  in ^ -N M R  spectrum ). T he modified polym er is then  
precip itated  in m ethanol, filtered an d  dried under vacuum . T he product, 
which is a  copolym er containing benzyl g lu tam ate an d  n-butylam ide of 
glutam ic acid  s ide  chains, p re sen ted  1H-NMR p e ak s  a t 5= 0 .9  ppm  (methyl 
group in s id e  chains), 5= 1.3 to  1.5 ppm (m ethylene g roups in n-butyl side 
chains) corresponding  to the  4 -carbon  linear chain, in addition to th e  p eak s  
of th e  regu lar PBLG.
Crosslinkina of A ctivated PBLG. For the  crosslinking reactions, PBLG, with 
10-15 m ole % activated  units (activated  with trimethylsilyl iodide, a s  
described  above) w as reac ted  with th e  crosslinker, 1 ,6 -d iisocyanatohexane 
a t room  tem peratu re , until the  solution gelled, which usually  occurs after 4  
days. O nce th e  gel w as  form ed, it w as w ash ed  with chloroform several 
tim es to  rem ove any by-products.
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In a  typical preparation, 0 .030  g of PBLG disso lved  in chloroform 
(~2% w/w) w ere  reac ted  with 2 .0  pL of trimethylsilyl iodide a s  described  
previously. After the  activation w as com pleted, th e  crosslinker, 1,6- 
d iisocyanatohexane (1.1 pL, 0 .007 mmol) w as  add ed . T he  am ount of 
crosslinker co rresp o n d s to  one  half the  num ber of activated  s ite s  in the  
polymer. T he reaction w as stirred  a t room tem peratu re  until a  gel w as 
formed.
C rosslinkina of Activated-PBLG u n d er an  Electric Field. For the  
crosslinking of the  aligned PBLG in an  electric  field, a  p rocedu re  sim ilar to 
th e  on e  described  in th e  previous section  w as perform ed. Imm ediately after 
th e  crosslinker w as added , the  reaction w as  transferred  to a  cell. T he  cell 
w as com posed  of two e lec tro d es  m ade  of one-sided  ITO co ated  g la ss  
(conductive s id es  facing each  other). A 3/8” ID x 1/2"ID x 1/16" width Viton 
O-ring (from Small P arts  Inc.) w as p laced  in betw een  th e  two conductive 
su rfaces. T h e se  O -rings a re  res is tan t to chloroform. O nce the  reaction 
mixture w as  in th e  cell, th e  g la ss  p la te s  w ere  co m p ressed  to avoid any 
leakage, an d  th e  e lec tro d es  w ere  co n nec ted  to the  pow er source. T he 
d is tan ce  betw een  the  e lec tro d es  is ca. 1.0 mm. A differential potential of 40 
V w as applied for 7 days, a t room tem perature. T he gel w as rem oved from 
th e  cell an d  w ash ed  with chloroform to  rem ove any  by-products.
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